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Abstract 
               
 
 
Introduction 
 
X-ray imaging is used to diagnose and follow up various conditions in 
neonates (i.e. pre-term babies and babies up to the age of 28 days).  Chest anterior-
posterior (AP) radiographs are used to check the condition of the lungs and heart.  
Acceptable images requiring lower doses of radiation can be produced digitally by 
using a computed radiography (CR) system.  Radiation can induce cancer in the 
young child.  Lower doses are therefore important since neonates are more sensitive 
to radiation and have a relatively longer life expectancy.  To minimise the risk of 
inducing cancer in neonates, x-ray exposures must adhere to the principle of ALARA 
(i.e. as low as reasonably achievable).  Reducing radiation doses during a 
radiographic examination of a neonatal chest often results in reduced image quality.  
Dose reduction while maintaining optimum image quality and the risk of inducing 
cancer must therefore be considered in conjunction with one another.  
 
Aim 
 
The aim of this study is to develop an anatomical and radiological simulation 
phantom of a real neonatal chest and, using the phantom, to derive methods of 
decreasing the radiation dose while maintaining acceptable quality of the clinical 
image at a reduced cancer induction risk. 
 
Materials and methods 
 
Following guidelines in literature on the subject, as well as principles of medical 
physics, a phantom simulating a real neonatal chest anatomically and radiologically 
was developed.  Anatomical equivalence was based on a computed tomography 
(CT) scan of a neonatal cadaver.  Radiological equivalence was obtained by 
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matching density, elemental composition, attenuation, scatter and absorption 
characteristics of real neonatal tissues to possible substitute materials.  The 
phantom was used to derive x-ray imaging protocols to decreased radiation dose, as 
well as the risk of cancer induction, while maintaining acceptable quality of the 
image.  To achieve this exposure technique factors, such as tube voltage and 
current, exposure time and filtration, were varied experimentally.  Image quality was 
evaluated quantitatively in a physics image quality assessment phantom, by 
calculating signal-to-noise ratios and modulation transfer functions.  Images were 
ranked according to measured doses, visual and quantitative image quality and 
cancer induction risks. 
 
Results 
 
The simulation phantom acceptably matched a real neonatal chest anatomical and 
radiologically.  The radiation dose and image quality of various exposures were 
compared with the standard exposure for neonatal chest AP x-ray imaging.  In eight 
different exposures the dose was decreased to below the standard.  The largest 
dose reduction was approximately 63%.  Seven of these images had an improved 
visual image quality compared with the standard.  The greatest improvement being 
about 21%.  In two of the eight options a cancer induction risk analysis showed that, 
despite reduced doses, the risk could be greater than the standard exposure risk. 
 
Discussion and conclusion 
 
In six different exposure options a decrease in the dose was achieved while 
maintaining, and even improving, image quality and lowering the cancer inducing 
risk.  These exposure protocols were recommended to be used in the Diagnostic 
Radiology Division of Tygerberg Academic Hospital. 
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Opsomming 
             
 
 
Inleiding 
 
X-straalbeelding word gebruik om verskeie siektes te diagnoseer en op te 
volg.  In die geval van neonate (i.e. vroeg-gebore babas en babas van geboorte tot 
ouderdom 28 dae) word anterior-posterior (AP) x-straalondersoeke van die borskas  
gedoen om die toestand van die longe en hart te evalueer.  Bevredigende 
beeldkwaliteit wat laer dosisse x-strale nodig het, kan digitaal verkry word  met 
behulp van ŉ rekenaar-radiografiese (i.e. Computed Radiography (CR)) sisteem.  By 
die jong kind kan blootstelling aan bestraling kanker veroorsaak.  In die geval van 
neonatale blootstellings is dit belangrik, want neonate is meer sensitief vir bestraling 
en het relatief ŉ langer lewensverwagting.  Om die risiko vir kankerinduksie te 
minimaliseer moet daar aan die beginsel van  ALARA (“as low as reasonably 
achievable”)  voldoen word.  Dosisverlagings gaan gewoonlik gepaard met verlies 
van beeldkwaliteit.  Die doelwit tydens die radiografiese ondersoek van ŉ neonaat 
moet egter altyd verlaging van die bestralingsdosis met optimum beeldkwaliteit en 
verlaagde risiko van kankerinduksie in die neonaat wees. 
 
Doelwit 
 
Die doelwit van hierdie studie is om ŉ gesimuleerde fantoom te ontwikkel wat ŉ regte 
neonatale borskas anatomies en radiologies voorstel.  Deur die fantoom te gebruik 
word metodes ontwikkel om bestralingsdosisse te verminder met die doel om die 
kankerinduksierisiko te verlaag, maar steeds aanvaarbare visuele beeldkwaliteit te 
behou.   
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Materiaal en metodes 
 
Riglyne en aanbevelings uit literatuur oor die onderwerp en basiese mediese fisika 
beginsels is aangewend om ŉ fantoom te maak wat ŉ neonatale borskas anatomies 
en radiologies naboots.  Anatomiese ekwivalensie is verkry deur ŉ neonatale 
kadawer rekenaar-tomografies te skandeer.  Radiologiese ekwivalensie is behaal 
deur digtheid, elementale komposisie, attenuasie, absorpsie en verstrooiing-
karakteristieke van ‘n regte neonatale borskas te vergelyk met dié van moontlike 
vervangingsmateriale.  Die fantoom is gebruik om x-straalbeeldprotokolle af te lei 
wat die bestralingsdosis en die kankerinduksierisiko verlaag terwyl die beeldkwaliteit 
behoue bly.  Dit is bereik deur blootstellingsfaktore, soos x-straalbuisspanning en 
stroom, blootstellingstyd en filtrasie, eksperimenteel te varieer.  Beeldkwaliteit is ook 
kwantitatief ge-evalueer in ŉ fisikafantoom, deur sein-tot-geruisverhoudings en 
modulasie-oordragsfunksies te bereken.  Die beelde is georden volgens gemete 
ingangsdosisse, visuele en kwantatiewe beeldkwaliteit en kankerinduksierisiko. 
 
Resultaat 
 
Die simulasiefantoom van die  neonatale borskas was ŉ aanvaarbare anatomiese en 
radiologiese voorstelling van ‘n ware neonatale borskas.  Die bestralingsdosis en 
beeldkwaliteit van verskillende blootstellings is vergelyk met die standaard 
blootstelling wat gewoonlik op neonate tydens borskas AP blootstellings gebruik 
word.  Agt verskillende blootstellings is afgelei met dosisse laer as die standaard.  
Die grootste afname was ongeveer  63%.  Sewe van die blootstellings het ŉ beter 
visuele beeldkwaliteit as die standaard gehad, waarvan die grootste verbetering  
ongeveer 21% was.  In twee van die agt beelde het ŉ analise van die 
kankerinduksierisiko getoon dat die risiko hoër as die standaard blootstelling kan 
wees, selfs al was die dosis laer.  
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Bespreking en gevolgtrekking 
 
Ses verskillende blootstellings is bepaal wat die dosis en kankerinduksierisiko 
verlaag het, met behoud of verbetering van beeldkwaliteit.  Hierdie 
blootstellingsprotokolle word aanbeveel vir gebruik in die Diagnostiese Radiologie-
afdeling in Tygerberg Akademiese Hospitaal. 
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Chapter 1 
Introduction 
             
 
 
In the medical environment ionising radiation is applied, for instance, when x-
ray images of parts of the human body are required in the diagnostic process.  An x-
ray image is a two-dimensional representation of the area under investigation.  X-ray 
investigation of the chest and other parts of the neonate’s body serves as an aid in 
the diagnostic process, treatment and follow-up of these tiny, vulnerable patients.  X-
ray studies of neonates play a vital role in the treatment of these babies.  At the 
same time these procedures pose an increased risk of cancer induction since each 
x-ray delivers a dose of ionising radiation to the neonate, who is particularly sensitive 
to radiation.  Since neonates under radiological investigation may receive large 
numbers of x-ray exposures, the total dose of radiation at this young age could be 
clinically significant, i.e. it can increase the risk of a malignancy developing in the 
young child or even in its later life.  Clearly the risk should be minimised and kept as 
low as reasonably achievable, i.e. according to the ALARA principle.  Since 
treatment of neonates is undertaken by Tygerberg Academic Hospital it is necessary 
to evaluate the doses of radiation delivered through x-ray imaging to these neonates 
and to derive methods to decrease these doses. 
 
At Tygerberg Academic Hospital computed radiography (CR) x-ray imaging is 
applied as a non-invasive investigative tool which, however, exposes these small 
patients to radiation.  These doses should be minimised, but dose reductions are 
generally associated with the loss of image quality.  In this dissertation these 
concepts are investigated and protocols are derived with the aim of decreasing the 
delivered radiation dose per x-ray image, while maintaining acceptable clinical image 
quality.  The risk of inducing cancer in the young child is also considered. 
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Chapter 1 - Introduction 
CR x-ray imaging is a form of digital imaging in which a photo-stimulable phosphor 
(PSP) plate, enclosed in an imaging cassette, is used.  Exposing the plate to 
radiation creates a latent image on the plate by storing the absorbed radiation 
intensity at each location on the plate as excited electron energies.  In the CR reader 
unit a red laser light stimulates the release of the trapped electron energy as 
emission of visible light.  The visible light in turn is detected by a photo-multiplier 
tube (PMT) that creates an electronic signal proportional to the released visible light 
at each location.  The result is a digital image that is viewed on a digital display 
monitor.  After the read-out process and the registration of the image the plate is 
exposed to bright white light in the reader unit to erase any residual image data and 
is ready for re-use. 
 
CR imaging is chemical free, compared with film-screen imaging.  Digital processing 
is quicker and allows for post-image manipulation.  CR imaging has a wider dynamic 
range, or region of exposure, in which image quality is acceptable, which means that 
retakes when using this technique are fewer.1  The physical nature of CR imaging 
therefore implies that dose reductions may be possible although reducing the dose 
of radiation often leads to unacceptable image quality.  Image quality is expressed in 
terms of contrast, (i.e. the difference in the grey scale display of adjoining regions in 
an image), spatial resolution, (i.e. the distinction between small and closely spaced 
objects in an image) and noise (i.e. a random constituent in an image that gives it a 
mottled appearance).  The aim is to obtain an image with an acceptable image 
quality at a reduced dose of radiation.  
 
According to Huda2, depending on the area of interest where a radiation dose is 
measured, different terminology and units are used to describe the delivered doses 
of radiation.  Radiation exposure is a measure of the amount of radiation that is 
delivered by an x-ray beam on a certain area.  It does not take an absorbing medium 
into account.  The associated absorbed radiation dose (in gray (Gy)) is a measure of 
the energy deposited per unit mass of the absorbing medium by the radiation 
exposure.  It depends on the characteristics of the absorbing material, for example 
high atomic number materials absorb more radiation that low atomic number 
materials.  The biological harm caused by the absorbed radiation dose is expressed 
in terms of the equivalent dose (in sievert (Sv)).  Here the type of radiation used to 
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make the exposure is taken into account.  The stochastic, i.e. cancer induction and 
hereditary risk from a dose of radiation, is indicated by the effective dose (in Sv).  It 
accounts for the radiosensitivity of the organs exposed to the radiation.  Effective 
doses can be estimated from exposures by taking certain dose-influencing factors 
into account.  These factors include patient size, the exposed organs and area and 
the energy of the radiation beam used.2 
 
Any x-ray examination, regardless of the age group it is performed on, delivers a 
radiation dose.  This thesis focuses on the neonatal age group and attention is given 
only to anterior-posterior (AP) chest x-ray imaging of these babies.  Prematurely 
born and new-born babies up to the age of 28 days are referred to as neonates.  
Neonates are often born with respiratory and cardiac problems and their treatment 
and monitoring call for regular x-ray radiographs to be taken.  Although each of these 
radiographs delivers only a small dose of radiation to the neonate, the large number 
of radiographs that are taken results in a larger total delivered dose.  The number of 
radiographs depends on the gestational age, birth weight, clinical conditions at birth 
and length of time that the baby stays in hospital.   
 
Neonates are more radiosensitive than adults due to rapid cell division and growth 
and a longer life expectancy.  Because they are small in physical size their 
radiosensitive organs are closer to or in the primary x-ray beam.  Makri et al3 state 
that x-ray exposures may increase the risk of a cancer, especially leukaemia, 
developing in the young child.3  The magnitude of the risk depends on the age at 
which a neonate is exposed to radiation.  As premature babies are included in this 
category, radiation protection and shielding is therefore a special concern.  
Consequently, it is important to ensure that exposures are justified and that the 
delivered dose per radiograph is as low as reasonably achievable, adhering to the 
principle of ALARA, which should be implemented and upheld in any radiology 
department.2  The benefit of x-ray investigations on neonates far outweigh the 
associated risks, provided that each exposure is justified and in accordance with the 
ALARA principle.  The goal should therefore be clinically acceptable, rather than best 
or maximal, image quality.   
 
Chapter 1 - Introduction 
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In the case of the neonate during its stay in hospital every effort should be made to 
minimise the delivered dose of x-ray radiation.  It is equally important that dose 
reduction does not compromise the image quality to such an extent that the image is 
clinically useless, resulting in retakes which add to the total delivered radiation dose, 
and in such a way missing the initial goal.   
 
Which x-ray exposure parameters to use with a CR imaging system in the effort to 
decrease the radiation dose according to the ALARA principle while maintaining 
clinical image quality must be established.  The advantage of reducing radiation to 
minimise the risk of inducing  childhood cancer must also be considered. 
 
Dose reduction, by changing x-ray beam parameters such as tube kilovoltage (kV), 
current-time product (mAs), exposed field size, distance from x-ray source to the 
detector and beam filtration, is described in literature, and discussed in section 
2.2.4,11,15,21,25,28  Reference is also made to dose reduction with added extra lead 
equivalent shielding.  Equations and programs for calculating organ doses and 
relating it to cancer induction risk increases are also discussed.  In much of the 
literature consulted reference is made to film-screen systems.  Although these 
concepts are also applicable to CR systems, the physics of CR imaging must be 
considered when exposure protocols are designed for these systems. 
 
According to Dougeni et al4 the size of the exposed neonate will influence the dose, 
as an increased exposure is needed to obtain a satisfactory image of a greater 
mass, and bigger, neonate.4  An investigation of how image quality and radiation 
dose change with varying exposure technique factors allows for optimisation of these 
parameters.  If the dose is kept constant, the best procedure would be the one that 
maximises image quality.  If image quality is kept constant, the most optimal 
procedure would be the one that delivers the lowest radiation dose.  The first step in 
dose optimisation is determining what radiation dose is delivered to a neonate per x-
ray investigation.  Published reference doses exist21,28 and facilities can investigate 
the doses they deliver to see if it is below the recommended reference doses.  
Technique and equipment changes are encouraged to ensure that reference levels 
are adhered to.  Such studies can also serve as justification for dose increases in 
order to improve image quality, if the initial doses are well below reference levels.     
Chapter 1 - Introduction 
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Different x-ray investigations are performed for different disease conditions.  The 
current study focuses on chest AP x-rays only.  Optimised x-ray exposure protocols, 
which decrease the delivered radiation dose while maintaining acceptable clinical 
image quality, could decrease the risk of childhood cancers developing.  At present, 
such optimised protocols have not been designed and implemented at Tygerberg 
Academic Hospital.   
 
Two aims are identified for this thesis.  Firstly, a neonatal chest simulation phantom 
which simulates a real neonatal chest anatomically and radiologically is to be 
designed and constructed.  Chest AP x-ray image quality and delivered radiation 
dose will be evaluated simultaneously, using the proposed phantom.  The second 
aim is to develop optimised x-ray exposure protocols that decrease the radiation 
dose, delivered by chest AP x-ray investigations to neonates, while maintaining the 
required image quality for diagnostically useful images.  How to reduce the risk of 
inducing childhood cancer should be the result of this investigation.  The optimised 
protocols will then be  recommended to the Division of Diagnostic Radiology at 
Tygerberg Academic Hospital. 
 
In the current study a phantom representing a real neonatal chest is developed and 
used.  Recommendations from literature are followed to analyse the methods used 
for neonatal chest AP x-rays at Tygerberg Academic Hospital.  The research shows 
that an increase in kV, added filtration and a reduction in mAs can be used to 
decrease the delivered radiation dose, while maintaining acceptable image quality 
with digital image processing.  With certain combinations of exposure factors visual 
image quality can even be improved at a reduced radiation dose, compared with the 
exposure used routinely in Tygerberg Academic Hospital.  
 
A review of literature on the subject of this dissertation summerises the 
recommendations referred to in this literature.  The anatomical and radiological 
equivalence determination of the phantom and the process of validation of the 
phantom are discussed.  Image quality is quantified with a physics image quality 
assessment phantom, and its construction is explained.  Different methods of dose 
reduction are employed and these, and the obtained results, are presented.  The 
obtained clinical and physical image quality results are presented and discussed.  
Chapter 1 - Introduction 
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Recommendations to the Division of Diagnostic Radiology at Tygerberg Academic 
Hospital are concluded and presented for implementation in the Division.  The 
limitations of the project, possible improvements and future advancements are 
communicated and conclusions are drawn from the presented data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1 - Introduction 
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Chapter 2 
Literature review 
             
 
 
Extensive research on dose reduction with film screen systems was done by 
McParland et al5.  However, limited research in this field using CR systems was 
reported.  Therefore much of the literature study refers to film-screen research.  The 
principles of dose reduction and image quality maintenance remain the same, 
regardless of the imaging system used.  Only the combinations of exposure factors 
and achieved radiation doses and image quality will differ, due to the increased 
dynamic range and post processing and image manipulation capabilities with CR.   
 
As this thesis focused on neonatal chest AP radiographs, an understanding of 
neonatal anatomy in the chest area was needed.  It was also of importance for the 
construction of the neonatal chest simulation phantom.  The different x-ray imaging 
techniques and associated doses had to be understood in order to gain knowledge 
about the radiation dose range applicable to these exposures, which influenced the 
radiation dosimeter that should be used for dose measurements.  Dose reduction 
was the main goal of the current study, therefore the physics of the interaction of 
radiation with matter and the associated delivered radiation doses were studied.  It 
was important that the obtained results were applicable to real neonatal patients, so 
that the conclusion from this dissertation could be used as recommendations on 
neonatal chest AP exposures in Tygerberg Academic Hospital.  Therefore neonatal 
tissue equivalent materials and possible simulation phantoms were investigated.  
The recommendations and results from the literature review were used to construct 
the experimental part of this thesis. 
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2.1 Neonatal anatomy and imaging 
 
White et al6 define the term “foetus” as a baby 8 - 40 weeks post conception.  
A foetus is called a neonate as soon as it is exposed to the environment external to 
the uterus.  Babies born preterm are therefore included.  These babies are still in a 
maturational process and exposure to an aerated environment, where temperatures 
vary and gravity and disease-causing organisms are present, causes rapid maturing 
and compensatory growth.  A new-born infant is not equivalent to a small adult.  
Likewise a preterm neonate differs from a full-term one.  Full-term neonates are 
typically 48 - 53 cm long from crown to heel, and weigh 2700 - 3800 g.  Birth mass is 
classified as low birth weight if it is less than 2500 g, very low birth weight for less 
than 1500 g and less than 1000 g are extremely low birth weight neonates.7 
 
The development of the body systems is described by Gray in the 39th edition of 
Gray’s anatomy7.  It is shown in Figures 2.1 and 2.2 below, reproduced from the 
book by Gray.  In Figure 2.1.each row, from left to right, shows the development of 
individual systems and each column, from top to bottom, shows the organs at risk at 
a certain development time.7  Figure 2.2 shows the embryonic development on the 
top scale, counted from the fertilisation date.  Clinical estimation of pregnancy is 
determined from the last menstrual cycle, as shown on the bottom scale.7 
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Figure 2.1: Timetable showing the development of the different systems of the 
body.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Human development timescales.7 
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Gestational age can also be determined from the ossification of the sternum.  At a 
gestational age of 30 weeks or more, at least two sternal segments are ossified, 
including the manubrium.  Three to four ossified segments indicate a gestational age 
of 34 - 37 weeks according to Odita et al8. 
 
At this early stage of life, especially when born prematurely, various problems and 
diseases can occur.  X-rays of the chest are taken when the condition of the lungs 
and/or heart need to be examined.  Chest x-rays are used to confirm or exclude 
certain disease conditions, such as pneumothorax, hyaline membrane disease, 
meconium aspiration syndrome and respiratory distress syndrome, to check the 
position of various tubes, catheters and the placement of intravenous long lines and 
to monitor pulmonary inflation and the development of complications, as mentioned 
by Arthur et al9 and Dougeni et al4. 
 
Neonatal abnormalities that are best diagnosed and followed up with chest x-rays 
can be divided into aeration, circulation and development abnormalities.  For optimal 
treatment of these, numerous x-rays are needed, but it is important to keep the 
neonate’s radiation exposure ALARA in order to account for the small but important 
risk of childhood cancer induction.  Normal neonatal lungs are aerated after two or 
three respiratory cycles.  A normal chest AP x-ray, as in Figure 2.3, reproduced from 
Sophomore paediatric chest10, shows symmetrical lung fields with the diaphragm at 
the level of the 8th posterior and 6th anterior ribs. 
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Figure 2.3: Normal neonatal chest AP x-
ray.10 
 
 
Smans et al11 report that prematurely born babies often have morphologically and 
physiologically immature lungs, that lead to respiratory distress syndrome.11  Aeration 
disorders include air leaks after alveolar rupture, pulmonary haemorrhage, 
meconium aspiration syndrome, neonatal pneumonia, pleural effusions, chronic lung 
disease and hyaline membrane disease, which arise from a lack of pulmonary 
surfactant leading to collapse of the lung.  It shows up as a “white” lung on an x-ray, 
as in Figure 2.4 below, reproduced from Arthur9.  The condition is simulated with a 
solid water tissue equivalent substitute in the neonatal chest simulation phantom.  To 
diagnose and follow up these diseases regular chest x-rays are justified, but the 
principle of ALARA has to be maintained.11 
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Figure 2.4: Severe hyaline membrane 
disease resulted in a “white” lung on an x-
ray.9 
 
 
Arthur9 also discusses circulation and developmental disorders.  Congenital heart 
disease is an example of a circulation disorder.  Developmental abnormalities 
include trachea-oesophageal fistulae, congenital diaphragmatic hernia and 
malformation of the lungs.9 
 
The organs at risk, according to Makri et al3, that are considered with chest AP x-
rays on neonates are the breasts, lungs, bone marrow and surface, stomach, liver, 
skin, thyroid, reproductive organs (uterus, ovaries and testes), small intestines, 
bladder, spleen and adrenals.3  Huda2 reports that the chest is relatively easy to 
penetrate with x-rays, so chest AP x-ray effective doses are low compared to that of 
skull and abdomen examinations.2 
 
According to Ono et al12, neonates with a low birth weight stayed in the neonatal 
intensive care unit (NICU) for a longer period and received more frequent x-ray 
examinations.  The frequency of x-ray examinations depended on the birth weight, 
disease and gestational age of a neonate.  Radiological investigations were most 
commonly needed for respiratory distress syndrome, meconium aspiration syndrome 
and chronic lung disease.  Chest x-rays were the most common investigation in the 
NICU.  The maximum number of radiological examinations on a single neonatal 
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patient in the NICU was 72, with an average per neonate of 26, at an entrance 
surface dose of 0.017 - 0.034 mGy per exposure.    From epidemiological data, i.e. a 
life span study on Hiroshima and Nagasaki atomic bomb survivors, it was seen that 
children had a higher incidence of radiation-related cancer if exposed to radiation as 
a baby.12  In this study the dose to the patient that received 72 exposures was 
between 1.2 and 2.4 mGy. 
 
Gutteling et al13 found that chest radiographs were most commonly performed for 
respiratory distress syndrome and lung hypoplasia, which was caused by lungs that 
were underdeveloped.  The severity and follow-up of the disease were assessed 
with radiographs.  Neonates were typically classified into three groups based on birth 
weight, i.e. extremely premature with birth weights less than 1 kg, premature with 
birth weights of 1 - 2.5 kg and full-term with birth weights greater than 2.5 kg.  The 
extremely premature group had a bigger chance of having underdeveloped lungs 
and the time from birth to term was longest for this group, therefore they often 
required the most radiographs.13 
 
Compared to film, image quality could be maintained at a lower radiation dose if CR 
was used.  Modified exposure factors must therefore be established for CR 
exposures and CR should be used instead of film-screen, if available.14  Research by 
Brindhaban and Al-Khalifah15 showed that neonates with respiratory problems 
typically underwent 20 - 25 x-ray investigations.  They mention that dose reduction 
with CR compared with film screen was possible due to the linear response of CR’s 
photo-stimulable phosphor plates and post-processing image manipulation.15  The 
current study aims to utilise the physical characteristics of CR imaging systems to 
decrease the delivered radiation dose, with consideration to image quality 
maintenance and cancer induction risks.  However, mention was made in literature 
of dose increases with CR. 
 
Malekzadeh et al16 reported that digital systems, such as CR, have a fixed 
resolution, but these systems could operate with acceptable images over a wide 
range of delivered doses.  The resolution performance of these systems is 
determined by the thickness of the detector and the size of a pixel.  In the case of 
these systems the level of image noise is inversely proportional to the amount of 
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radiation, or the delivered dose, used to form the image.  It is therefore possible to 
choose the level of noise in an image that would be acceptable by varying the 
exposure used to form the image by changing the technique factors used.  Spatial 
resolution would not be affected.  The amount of transmitted radiation that reaches a 
digital image receptor depends on the energy or quality of the x-rays used and on 
the size and composition of the patient.  The transmitted, or exit, dose is proportional 
to the incident dose, but it is difficult to use exit dose to calculate patient dose.16 
 
Digital systems exhibit a linear response over a wide range of exposures to radiation.  
The blackening of the image receptor is decoupled from the amount of radiation 
used to form the image.  For these reasons it is important to monitor the receptor 
dose indicator to maintain an acceptable image quality level without overexposing a 
patient.  The number of x-ray photons used to form an image determines the noise of 
the image.  For a certain exposure the efficiency of the image receptor would 
determine the number of incident photons that are absorbed.  Generally CR systems 
are less efficient than film-screen systems as CR systems need to be thin to limit the 
scatter of light with the read-out process.  CR systems therefore absorb less of the 
incident photons and require larger doses for optimal image formation, compared to 
film screen.  Huda2 stated that, for a comparable level of image quality, the nominal 
receptor dose for CR was about 10 µGy and for film-screen it was about 5 µGy.2  A 
study on 15 patients by Malekzadeh et al16 revealed no dose reduction in moving 
from film-screen to CR.  Instead, a slight increase in dose was found, 68.72 µGy and 
94.46 µGy for film-screen and CR respectively.  The study group in the report was 
small.16 
 
As different opinions existed in literature, specific research on the CR system at 
Tygerberg Academic Hospital was therefore necessary in order to determine if a 
dose reduction per radiograph was indeed possible.  It was important to have a 
baseline or standard for comparison, which was set as the standard exposure of 50 
kV, 2 mAs, 100 cm focus-to-film distance (FFD) and inherent filtration, currently used 
to image neonatal chests at Tygerberg Academic Hospital.  Using the baseline it was 
then possible to determine if a dose reduction or increase was obtained with CR 
when clinically acceptable image quality, i.e. the image quality associated with the 
current standard exposure, was maintained. 
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2.2 Neonatal radiation dosimetry 
 
Neonates often undergo many x-ray investigations during their stay in 
hospital.  The x-ray field size used is usually large to compensate for movement.  
Because neonates are more radiosensitive than adults and have a relatively longer 
life expectancy the stochastic risks, like cancer induction especially leukaemia, are 
higher.  The organs at risk are in or close to the primary beam in neonates, because 
of small physical size.  For these reasons neonatal exposures and doses must be 
kept as low as reasonably achievable (ALARA) and radiation doses must be justified.  
A number of researchers emphasise this.4,15,16,17,18 
 
An x-ray investigation on a neonate is justifiable if the benefit from the investigation 
outweighs its risk.  Benefits of these investigations are not yet quantified and have to 
be defined for each examination.  Risk could be assessed in terms of the effective 
radiation dose.   
 
Effective dose is defined as the weighted sum of the equivalent radiation dose 
delivered to different organs.  The weighting is accomplished by published tissue-
weighting factors.14  It allows for the estimation of the risk of inducing cancer.  The 
effective dose,  , in units of Sievert (Sv), can be calculated using Equation 2.1, 
according to Roebuck19. 
 
 
  ∑                  [Equation 2.1] 
 
 
where   is the equivalent tissue dose and    is the weighting factor for that tissue.  
There are uncertainties in the tissue weighting factors and it is difficult to measure 
the equivalent doses accurately.  According to Roebuck19 it means that the effective 
dose could vary over a range for the same investigation.19  Skin dose could predict 
deterministic effects, like skin burns, but these have a threshold dose of about 2 Gy, 
below which they do not occur and therefore are not seen frequently in radiology.  
Patient risks in radiology are mostly stochastic, with no threshold dose, and these 
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cannot be expressed in terms of a skin dose.  Skin doses do not account for the field 
size of the exposure, the type of radiation used for the exposure or the 
radiosensitivity of the organs exposed.   
 
Huda2 states that effective doses account for these and are therefore good indicators 
of stochastic risks.2  Tissue-weighting factors for adults are widely published and 
readily available in literature.  Another advantage of effective dose is that it can be 
compared with natural background radiation levels, which is about 3 mSv per year, 
and with regulatory dose limits, which is 1 mSv per year for the general public.  
Effective doses can be converted into approximations for stochastic risk with 
published International Commission on Radiological Protection (ICRP) risk factors.  
There are huge uncertainties associated with these risk factors and the factors for 
babies are much higher than those for adults.2 
 
In the publication by Roebuck19 the ICRP published coefficients for the calculation of 
cancer induction risk are mentioned.  These are 0.05 Sv-1 for the overall population 
and 0.10 - 0.15 Sv-1 for children.  Cancer induction risk is calculated as the product 
of the effective dose and the ICRP coefficient.  These coefficients are based on data 
from atomic bomb survivors and are representative of the average population.  
Therefore it may be an overestimation for most of the population, but as some 
individuals are more sensitive to radiation, especially if certain disease conditions are 
present, it is also an underestimation for these individuals.19 
 
Le Heron20 and Brindhaban and Al-Khalifah15 calculated effective doses from 
entrance surface doses with a computer program, Child Dose, based on ICRP 
recommendations.15,20  Child Dose uses a newborn baby phantom for calculations, 
which is not representative of low birth-weight neonates.  With premature lower birth- 
weight babies organs are closer together, therefore gonads, for example, could 
easily be included in the x-ray field.  Effective doses for these neonates are 
consequently underestimated by the Child Dose program.15  Neonates are also more 
prone to repeat x-ray investigations due to inadequate immobilisation and impossible 
communication during examinations, which adds to the already increased risk due to 
longer life expectancy and increased radiosensitivity.   
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The delivered radiation dose depends on a number of factors, including the tube 
voltage (kV), tube current (mA), exposure time (s), filtration, collimation, distance 
from tube focus to film or image plane (FFD) and image receptor.  Combining these 
factors to achieve radiation dose reductions is discussed in literature.   
 
In the case of prematurely born babies the radiation dose per x-ray should be 
minimised as they undergo a large number of x-ray investigations and are more 
sensitive to radiation than adults.  Wraith et al21 mention that The Commission of the 
European Community (CEC) Study Group recommend that neonatal exposures on a 
film-screen system should be made with a focal spot size smaller than 1.3 mm, 
added filtration of 1 mm aluminium (Al) plus 0.1 - 0.2 mm copper (Cu), a FFD of 
between 100 cm and 150 cm, ideally 115 cm, a tube voltage of 60 - 65 kVp and an 
exposure time of 1 - 4 ms. The obtained entrance dose is then 65 µGy and a 
reduction to 37 µGy is possible by increasing the filtration to 3.5 mm Al and the kV to 
60 kVp, while maintaining acceptable image quality.  The added filtration removed 
some of the low energy photons, which were mainly absorbed in the body, 
contributing to received dose and not to image quality.  The assessment was done 
with an ionisation chamber and a TOR(RAD) test object.21  Although the research 
referred to film-screen, the same principles would apply to CR systems, i.e. 
additional filtration and kV increase, with associated mAs decrease, should give a 
dose reduction, which is investigated in the current study. 
 
Additional filtration, as a dose reduction mechanism, is also described in literature.  
The effect of added copper filtration on dose and image quality was assessed with 
Monte Carlo simulations by Smans et al11.  Image quality was evaluated with signal-
to-noise ratios (SNR) and signal difference-to-noise ratios (SDNR), as shown in 
Equations 2.2 and 2.3, where    and   are the mean signal and standard deviation 
of the noise of the object of interest and    and    are that of the background area.
11 
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              [Equation 2.2] 
 
     
     
  
             [Equation 2.3] 
 
 
The SDNR had to be optimal, i.e. a large value, in the soft tissue regions.  These 
simulations were verified with Gammex 610 Neonatal Chest Phantom 
measurements and it was found that beam hardening, through increased filtration of 
1 mm Al + 0.2 mm Cu, could be used to optimise the image quality versus dose 
relationship, at 60 kV.  The SNR increased by 30% and the lung dose decreased by 
25%.11  SNR and SDNR and the concept of additional filtration are used in the 
current study. 
 
In a study by Dougeni et al4, image quality was not significantly reduced clinically 
with the use of higher kV and lower mAs protocols, although a significant dose 
reduction was found.  Harder x-ray beams that had increased penetration ability 
were recommended, as, with the associated reduced mAs setting, entrance surface 
dose (ESD) values would be lower.  Increasing the kV decreased image contrast.  
An upper limit should therefore be determined for the kV parameter.4  As 
radiographs must still be clinically useful, clinical image quality assessment was very 
important in such a study.  Dose could easily be reduced to a minimum, but the 
associated image quality would also be decreased, leading to retakes and therefore 
increased doses.  There had to be a balance between dose reduction and clinically 
acceptable image quality.  
 
Brindhaban and Al-Khalifah15 found that low filtration and a lower kV gave a higher 
ESD.  The best results, with film screen, were obtained with kV greater than 60 kV 
and filtration of at least 2.5 mm Al equivalence.  ESD was measured as 71 ± 28 µGy 
and effective dose was calculated, with the Child Dose program, as 28 ± 8 µSv for a 
chest AP examination.  Using risk factors of 2.8 - 13x10-2 per Sv, i.e. risk factors for 
pre-natal exposures, the risk for childhood cancer induction ranged between 0.34 - 
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4.68x10-6 per examination.15  One has to keep in mind that neonates often undergo 
numerous x-ray investigations and that the actual risk can therefore be higher. 
 
Dose reduction can also be achieved with active shielding.  A study was done by 
Barcham et al22 with direct lead equivalent shielding, placed on a neonate, and 
shadow shielding, where lead equivalent shielding was placed on the incubator, to 
reduce the dose to organs outside of the primary beam, specifically the gonads.  
Dose measurements showed that the dose to gonads was reduced substantially with 
direct shielding.22  Beam collimation, to the required area only, avoiding non-
essential and repeat exposures, using highly trained staff for neonatal exposures 
and the use of genital shielding can also lead to dose reductions, according to 
Wilson-Costello et al23. 
 
Gonadal exposures were investigated by Egan and Dowd24, with a water-filled 
phantom made from a plastic developer container.  Dose was measured at testicular 
level with different methods of shielding, which included the use of a lead lined 
collimator, shadow shielding with a lead strip placed on the incubator and direct or 
contact shielding with a lead rubber shield on the baby’s body.  The disadvantages 
of the different methods were that lead-lined collimators were not readily available.  
Shadow shielding was difficult to perform accurately if ambient light levels were too 
high.  Direct shielding that was not applied properly could increase the delivered 
dose to sensitive organs, like the lens of the eye, thyroid, bone marrow and gonads, 
through extra scatter.  This leads to repeat exposures due to poor quality 
radiographs.  It also posed a risk for cross infections.  Radiographers needed proper 
training in the use of shielding to ensure that the ALARA principle was adhered to.  
Lack of knowledge could lead to shielding being omitted in order to prevent retakes.  
It was found that direct gonadal shielding gave a 60% dose reduction with chest AP 
radiographs.24  Although not considered in this dissertation, active shielding is a 
recognised neonatal dose reduction technique, if applied correctly. 
 
A radiation x-ray audit proved helpful in dose reduction for Loovere et al25.  The 
results from such an audit, which looked at the demographics and logistics of x-ray 
exposures in a NICU, could be used for staff education and a team effort for dose 
reduction could result.  It was found that radiographers increased collimation to 
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ensure that the targeted area was imaged, but extra anatomy was then also 
included, a misguided strategy which had to be avoided.  Educational sessions with 
examples of such x-rays were held and proper holding of infants, acceptable extra- 
included anatomy and placement of leads were discussed.  Loovere et al25 
recommended such audits on a regular basis.25  The current study measures 
radiation doses and makes dose reduction recommendations to the Division of 
Diagnostic Radiology at Tygerberg Academic Hospital.  If the recommendations are 
implemented such an audit could help to determine the success of the results of the 
current study. 
 
LiF:Mg,Cu,P thermoluminescence dosimeters (TLDs) were suggested as acceptable 
dosimeters for neonatal radiography by Duggan et al17,26 and Edwards et al27.  
LiF:Mg,Ti TLDs tend to over-respond at low x-ray energies.  The LiF:Mg,Cu,P TLDs 
have a better energy response in the low diagnostic energy range,26,27 a lower 
detection limit, higher sensitivity and better tissue equivalence than LiF:Mg,Ti 
TLDs.17 
 
A study was done by Duggan et al28, with neonatal simulation phantoms simulating a 
700 g and 2000 g neonate, and LiF:Mg,Cu,P TLDs.  Variations in kVp, filtration and 
collimation were investigated with adjustments in FFD and mAs to maintain image 
optical density.  ESD and dose at 3 cm and 5 cm depths were measured with the 
TLDs.  The Commission of the European Communities suggests technique factors of 
60 - 65 kVp, 80 - 100 cm FFD and 1 mm Al + 0.1 mm Cu additional filtration for chest 
AP paediatric radiographs, which would give a reference ESD of 80 µGy for such an 
examination on a 1000 g neonate.  Duggan et al28 found that ESD could be 
decreased by increasing kVp and/or filtration.  They used an additional 0.05 mm 
hafnium filter.  An increase in kVp from 54 to 70 kVp gave an ESD reduction of 27% 
in the case of the 2000 g phantom.  By adding the hafnium filter at 66 kVp, the ESD 
was reduced by 13% more.  With these adjustments the image contrast was also 
reduced, but the clinical significance was not investigated.28 
 
Clinical image quality is very important and has to be maintained.  An x-ray taken at 
a reduced dose, but with inadequate image quality, is useless and has to be retaken.  
In the current study image quality and dose reduction are evaluated in conjunction.  
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TLDs are not readily available and are very expensive.  Using TLDs is also time 
consuming.  Special readout equipment is needed, annealing and calibration have to 
be performed and measurements have to be read out timeously to prevent fading.  
As Tygerberg Academic Hospital does not have a TLD reader available (the only 
available reader in the Western Cape is at Groote Schuur Hospital) and the 
LiF:Mg,Cu,P TLDs have to be imported at considerable cost, these detectors are not 
used in this thesis.  Other detector options were discussed in literature. 
 
Akahane et al29 used film badges and glass dosimeters with a rectangular phantom 
(refer to Figure 2.9) to measure surface doses for chest AP radiographs.  Exposures 
were made with 55 kV, 1.6 mAs and 90 cm FFD.  The glass dosimeters and film 
badges measured 0.1 mSv for such an exposure.29 
 
The radiation entrance surface doses were measured with a Victoreen model 660 
survey meter by Brindhaban and Eze14.  Measurements were done for the age group 
from birth to one-year-old infants. It was difficult to measure patient or organ doses 
directly, so x-ray tube output was measured using an external detector indicating the 
total delivered radiation dose.  Such measurements would not account for 
backscatter and collimation, according to Gutteling et al13.  ESDs can also be 
calculated. 
 
Entrance surface dose,    , is calculated from free-in-air exposure measurements 
using Equation 2.4, where    is the measured exposure in Roentgen (R),      
(8.7mGyR-1) converts  R to absorbed dose-in-air,     corrects for backscatter,       is 
the calibration factor of the ionisation chamber used and    is an inverse square law 
correction.14,15  If the chamber is thin enough to accurately measure the back scatter 
radiation from the phantom or patient, the     factor can be ignored.
15 
 
 
                                [Equation 2.4] 
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Brindhaban and Eze14 reported an entrance surface dose of 32 - 176 µGy for chest 
AP exposures with tube voltages between 73 kV and 52 kV.  The calculated effective 
dose range was 8 - 40 µSv, translating to a 1.2 - 6 risk per million for cancer 
induction.  These results were in respect of newborn babies.14 
 
Olgar et al30 did a retrospective evaluation of ESD on 23 neonates.  ESD was 
calculated from tube output measurements and with lithium fluoride TLDs.  The 
calculation was done with Equation 2.5, where     is the inverse square correction 
factor for the difference in the distance from the tube focus to the chamber (focus-to-
chamber distance) and from the tube focus-to-skin (FSD),     is the tube current-
time product,     is the backscatter factor and is 1.1 for 50 - 70 kVp for a neonate 
with a 5 cm body thickness and (
   
 
)
   
   
is the mass energy absorption coefficient 
ratio of tissue-to-air and is 1.05 for 50 - 70kVp.30 
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)
   
   
      [Equation 2.5] 
 
 
The calculated ESD from tube output was 67 µGy and the TLD measurement was 70 
µGy on average for chest radiographs.  These were comparable to 80 µSv and 50 
µSv published by Commission of European Communities and the National 
Radiological Protection Board respectively.  Mean effective dose was calculated with 
Monte Carlo simulations and was 16 µSv per exposure.  The associated cancer 
induction risk was calculated to be between 0.4x10-6 and 2x10-6. According to Olgar 
et al30 intense tissue proliferation and differentiation exist in a neonate, and 
proliferating cells are more sensitive to radiation, which increases cancer induction 
risks.  The small body size of neonates means that a large portion of anatomy is 
included in the x-ray beam, resulting in a higher effective dose per x-ray.30 
 
Equation 2.5 was used by Armpilia et al31 as well.  A     of 1.1 ± 5% was used for a 
neonate with a 5 cm thick body, 50 - 70 kVp and 70 - 300 cm2 field sizes.  The FSD 
was derived from the known FFD (100 cm) and the approximate diameter of a 
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neonate, which was 7.5 ± 1.4 cm for neonates in this unit.  The mass energy 
absorption coefficient ratio for muscle, averaged over the x-ray spectrum (50 - 58 
kVp) used, was 1.05.  Calculated ESDs ranged between 28 - 58 µGy.  These 
calculated ESDs were compared with those measured with LiF:Mg,Cu,P TLDs.  The 
ESD from the TLDs ranged between18 - 58 µGy.31 
 
Equation 2.6 was suggested by McParland et al5 to calculate the diameter of a 
neonate.  Here   is the diameter,  is the most recent weight of the neonate and 
  is the neonatal length at birth.5 
 
 
   √
 
  
              [Equation 2.6] 
 
 
An additional multiplicative transmission factor,   , in Equation 2.5 was 
recommended in a different study by Dougeni et al4.  The factor accounted for 
transmission through the incubator for those neonates imaged in the incubator.  It 
was proposed that a thickness of 5 mm perspex had to be used to measure the 
factor, with about 10% attenuation of the beam.  Scatter was considered to be 
negligible.4 
 
The risk of cancer induction can be calculated from ESD or from energy imparted, if 
one assumes that all irradiated organs are evenly distributed in the body.  As most 
neonates are born prematurely, the risk factors for foetal irradiation are more 
appropriate than those for children.  The risk is 2.8 - 13x10-2 per Sv according to 
ICRP Report 60.  For the above mentioned study of Armpilia et al31 the risk per 
radiograph was therefore 0.3 - 1.3x10-6.  As foetal irradiation implied whole body 
irradiation, and only part of a neonate was exposed to radiation, it was an 
overestimation.31 
 
Chapple et al32 used technique factors to calculate entrance surface dose, which 
was used to calculate, with Monte Carlo, energy imparted.  Energy imparted was an 
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indicator of radiation risk.  Neonatal dose measurements with TLDs are difficult, as 
TLDs are not very accurate in the low dose region and could also produce 
unacceptable artefacts on x-rays.  It is also not practical to attach dose-area product 
(DAP) meters to mobile units.  For these reasons the researchers recommend dose 
calculation from technique factors.  As neonates are small in physical size and 
difficult to immobilise, organs at risk are often included in the exposures, so 
normalised organ doses are not completely applicable to neonates.32 
 
Chapple et al32 therefore recommend dose expression in terms of energy imparted.  
It represented an integral dose and could be used as a risk indicator, if one assumed 
that all radiosensitive organs were spread evenly in the body.  Due to the small 
physical size of neonates, and therefore close proximity of organs, the approximation 
was applicable to neonates.  Entrance surface dose was calculated using Equation 
2.7, where     was calculated with Monte Carlo simulations for a 5 cm thickness of 
tissue-equivalent material, i.e. a typical neonatal thickness.32 
 
 
                                                 [Equation 2.7] 
 
 
In the study by Chapple et al32 the mean number of radiographs per neonate was 
found to be 5.29, but one neonate received 38 radiographs.  The mean entrance 
dose per radiograph was 0.06 mGy and the corresponding mean energy imparted 
was 0.09 mJ.  The whole body dose was calculated by dividing the energy imparted 
by the body weight, i.e. 2.5 kg, which gave 0.04 mGy on average with a 
corresponding maximum of 0.30 mGy.  Using the ICRP risk factors for foetal cancer 
induction of 2.8 - 13x10-2 per Sv, the typical risk in the study ranged between  
1.1x10-6 and 5.2x10-6, with a maximum risk of between 8.4x10-6 and 3.9x10-5.  
Lifetime risks may be 2 to 4 times higher than these, as they accounted for risks up 
to the age of 15 years only.  Therefore the risks from radiography were quite low in 
general, but exceptional cases did exist.  Collimation, even with extra external 
shielding, had to be performed.  Neonatal radiographers also required specialised 
training.32 
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A study by Makri et al3 employed Monte Carlo MCNP-4C2 code to simulate neonatal 
chest radiographs on a mathematical phantom.  Equivalent doses and energy 
imparted were calculated using Monte Carlo simulations per unit ESD.  ESDs were 
measured with TLDs in a NICU and used with the Monte Carlo calculations to 
compute effective doses.  EDSs were 44 ± 16 µGy.  Effective dose was 10.2 ± 3.7 
µSv and imparted energy was 18.5 ± 6.7 µJ per radiograph for males and females.  
The total risk per radiograph was calculated to be between 1.7 and 2.9 per million 
neonates per film, or 22.2 and 25.8 per million neonates for an average number of 
radiographs, with females having a slightly higher risk.  The increased risk was 
small, but it did exist and could therefore not be ignored.  The dose per exposure 
had to be minimised.3 
 
Although the ESD is indicative of the technique factors used in an exposure, it does 
not account for changes in field size or positioning of the neonate in the field.  A 
small change in the field size or shift in the neonatal position in the field could mean 
that other, or more radiosensitive, organs are in the primary beam, affecting organ 
and effective doses.  Dose area product (DAP) meters take field size into account, 
according to Dougeni et al4. 
 
Effective doses can be calculated from DAP meters.  With neonatal radiography the 
exposed areas are small, due to the small physical size of the patients.  Small DAP 
readings result, although the absorbed dose in the different organs is higher.  
Effective doses are therefore underestimated and DAP meters are not 
recommended for neonatal imaging by Brindhaban and Eze14. 
 
DAP meters are not usually present on mobile x-ray units, most commonly used for 
neonatal exposures.  DAP readings can be approximated, if perpendicular beam 
incidence is assumed, as the product of the ESD and the exposed area.  These 
factors could be determined retrospectively from the exposure parameters, 
correcting for demagnification of FFD to focus-to-surface distance (FSD).  Such an 
approximation does not take the inhomogeneity of the x-ray beam, due to the heel 
effect and inverse square law, into account, although the significance of these effects 
are deemed negligible by McParland et al5.  DAP meters are not available on the 
mobile unit commonly used for neonatal x-rays at Tygerberg Academic Hospital. 
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Wilson-Costello et al23 did a study on 25 surviving neonates with birth weights below 
750 g.  On average these neonates received 31 radiographs, of which 17 were chest 
radiographs.  They used a Victoreen 660 survey meter to measure the exposure, in 
milli-Roentgen per mAs (mR/mAs), and calculated the entrance skin exposure (ESE) 
with Equation 2.8. 23  
 
 
    
                                            (
                    
             
)
 
     
     [Equation 2.8] 
 
 
They used two methods to assess organ doses.  The standard method used 
published organ doses for an ESE of 1 R for a 3.96 kg infant, based on beam quality 
and collimation.  The modified method considered organ placement and scattered 
radiation, actual body weight and extramedullary haematopoiesis.  In neonates it 
occurred in the liver, spleen and bone marrow.  Organ doses in the primary x-ray 
field were calculated with Equation 2.9.  The effect of scatter on organs doses 
outside of the main x-ray beam were calculated with Equation 2.10.23 
 
 
                                               [Equation 2.9] 
 
 
                                      (
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             [Equation 2.10] 
 
 
Here     is entrance skin exposure,    is the roentgen to rad conversion factor,   is 
the depth of an organ in the primary beam,   is the linear attenuation coefficient,   is 
the ratio of scattered radiation to primary radiation at a 1 m distance and    is the 
distance to the scatterer.  The standard method gave a total body dose which 
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assumed uniform whole body irradiation.  The modified method calculated an 
effective dose equivalent that took into account the different radiosensitivities of 
different organs with organ weighting factors.  These factors are 0.25 for the gonads, 
0.15 for breast, 0.12 for marrow and lung, 0.03 for the thyroid and 0.33 as an all-
inclusive factor for the brain, skin, intestines, spleen and liver.  These factors are 
defined in ICRP 60 for adults.  Such factors are not available for neonates and 
therefore adult factors were used by the researchers.23 
 
The doses from the modified method were larger than those of the standard method, 
except for ESE and breast and testes doses from chest radiographs.  The larger 
doses for internal organs, like the lungs, ovaries and marrow, showed on the inability 
to restrict the x-ray beam to areas of interest.  The higher hematopoietic dose for 
liver, spleen and marrow was a more accurate representation of extramedullary 
haematopoiesis in neonates.  The dose ranged between 0.01 and 0.02 mSv per 
chest radiograph, with an effective dose equivalent for all radiographs of 0.72 mSv 
per infant.  According to the United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) the risk for radiation induced cancer was                
12.5 - 16x10-2 excess cancer deaths per Sv.  The Committee on the Biological 
Effects of Ionising Radiation states a risk of 0.8% per 0.1 Sv.  In a worst case 
scenario it meant that the risk for cancer development in neonates that underwent x-
ray examinations was 1 in 10 000 in the study.23 
 
These risks estimations were for adults and whole body exposures.  The risk for 
partial body exposure, which should be done on neonates, but is not always the 
case, should be lower.  The ICRP states that the dose to the foetus from 
occupational exposures during pregnancy should be less than 1 mSv for the duration 
of pregnancy.  According to Wilson-Costello et al23 the total dose was not likely to be 
reached by radiographic exposures of neonates.23  Although these dose levels were 
unlikely to be reached, cancer induction risks were elevated.  Calculation of the risk 
of childhood cancer induction was done by Wraith et al21 and was 0.2 - 2x10-6.  
Therefore up to two children in every 1 000 000 receiving x-rays as neonates could 
develop a radiation induced childhood cancer.21 
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Twin studies, by Wilson-Costello et al23, suggest that in utero exposure to radiation 
did increase the risk for childhood cancer induction.  It was not demonstrated by 
studies on the atomic bomb survivors that were exposed in utero.  A relative risk 
factor for cancer induction of 3.77 at 1 Sv absorbed uterine dose was reported.  
However, atomic bomb survivor data were for a single large exposure and neonates 
underwent several smaller dose exposures over a period of time.  The complete 
biological effect of exposure to radiation depends on the type and energy of the 
radiation, the exposed tissue, the exposure time, the presence of chemical 
sensitisers and the total received dose.23 
 
Neonates are more sensitive to the effects of radiation than adults.  The cancer 
induction risk, per unit effective dose, was 2 - 3 times higher for neonates than for 
the rest of the population.11  Smans et al11 report that the risk was 6 - 9 times higher 
than that of a 60 year old adult for the same received dose.  The risks from 
diagnostic x-ray procedures are low compared with the risks from other procedures 
involving radiation, but the delivered dose should still be optimised and the principle 
of ALARA adhered to.11 
 
 
2.3 The physics of x-ray imaging 
 
The attenuation of an x-ray beam is described by Bushberg et al1.  The linear 
attenuation coefficient ( ) is governed by the photoelectric effect ( ), Rayleigh scatter 
(  ), Compton scatter ( ) and pair production ( ) interaction mechanisms, as shown 
in Equation 2.11.1 
 
 
                    [Equation 2.11] 
 
 
The mass attenuation coefficient is the quotient of the linear attenuation coefficient 
by the density of the material.  For a compound it is the sum of the mass attenuation 
coefficients of its constituent elements.  In Equation 2.12, in Mak33, (
 
 
)
 
is the mass 
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attenuation coefficient of the compound,    is the weight fraction and (
 
 
)
 
 the mass 
attenuation of constituent material  .33 
 
 
(
 
 
)
 
 ∑  (
 
 
)
 
           [Equation 2.12] 
 
 
These interaction coefficients that form the attenuation coefficient can be calculated, 
with the program XCOM, developed by MJ Berger et al34.  This program and 
database compute photon total and partial cross sections for coherent and 
incoherent scattering, photoelectric effect absorption, pair production and a total 
attenuation coefficient.  The calculations can be done for different elements, 
compounds or mixtures for a range of energies from 1 keV to 100 GeV.  The data in 
the program is based on the National Institute of Standards and Technology (NIST) 
database34. The program includes free software available at 
http://physics.nist.gov/XCOM34.  The current study uses the program for calculations. 
 
According to Berger et al34, the photon cross-sections can be calculated reasonably 
accurately for compounds, except at energies close to the absorption edges, using 
the weighted sum of the cross-sections of the atomic constituents of the compound.  
Such a calculation is tedious and is complicated by the discontinuities of photo-
absorption cross-sections and total attenuation coefficients at absorption edges.  
Photon energies immediately above and below the absorption edges should 
therefore be included, which is done by way of interpolation.  The XCOM program 
uses a standard energy grid, which is spaced approximately logarithmically, or 
another grid that is specified by the user or on a combination of these two grids.  
Results can be presented in tabular or graphical form.  For compounds and mixtures, 
interaction coefficients and total attenuation coefficients are calculated as the sum of 
the coefficients of the constituents of the compound or mixture.  Fractions by weight 
are either calculated by XCOM from the chemical formula or are entered as inputs by 
the user.34 
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a.) 
An example of the data entry screen and resultant output file of the XCOM program 
is shown in Figure 2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 – Literature review 
Stellenbosch University  http://scholar.sun.ac.za
31 
 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: a.) XCOM input screen.  b.) XCOM generated output file.  
 
 
Coherent and incoherent scatter cross-section interpolation is based on log-log 
cubic-spline fits as functions of energy.  The photoelectric cross-section is similarly 
interpolated, but only for energies above the K-shell absorption edge.  Below the 
absorption edge energy, interpolation is done as the logarithm of the photoelectric 
cross-section fitted as a linear function of the log of the energy.  The calculation is 
done for each shell to avoid errors in interpolation across absorption edges.  Pair 
production cross-sections are determined for the atomic nucleus field (  =1.022 
MeV) and for the atomic electron field (   =2.044 MeV) as the logarithm of 
(
   
  
)
 
        , where   is the photon energy,   
  is the threshold energy for pair 
production to occur and          is the cross-section.
34 
 
The limitations of the XCOM program are discussed by Berger et al34.  The cross-
sections in the database refer to isolated neutral atoms.  The XCOM program does 
not take molecular or solid state effects into account, and these can modify cross-
sections especially close to the absorption edges.  Small cross-sections, for example 
Delbruck scattering, photo-meson production and two-photon Compton scattering 
are not taken into account.  The nuclear photo-effect is also omitted.  Energy 
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absorption coefficients, which characterise the conversion of photon energy to kinetic 
energy of secondary produced electrons, are not calculated.34 
 
In the current study, total attenuation coefficients and the incoherent or Compton 
scatter coefficients are calculated for a range of different neonatal substitute 
compound materials using the XCOM program.  The total attenuation and Compton 
scatter coefficients influence image quality, by affecting image darkening and noise.  
Dosimetry is influenced by the mass energy absorption coefficients which are 
spectral weighted to account for the spectrum of energies in an incident photon 
beam. 
 
The mass attenuation coefficient for a compound can be calculated from the mass 
attenuation coefficients of its constituent elements, according to Turgut et al35, 
through the mixture rule in Equation 2.13, where    is the fraction by weight and 
(
 
 
)
 
is the mass attenuation coefficient of the ith element in the compound.  It holds 
true for incident photon energies that are not within 1.5 keV of the absorption edge 
energy of an element.35 
 
 
 
 
 ∑   (
 
 
)
 
            [Equation 2.13] 
 
 
For the elements considered in the current study, the absorption edges, as obtained 
from XCOM data, are recorded in Table 2.1. 
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Table 2.1: Elemental absorption edge energies. 
Element K-edge 
(MeV) 
L3-edge 
(MeV) 
L2-edge 
(MeV) 
L1-edge 
(MeV) 
H - - - - 
C - - - - 
N - - - - 
O - - - - 
Ca 4.038E-3 - - - 
Na 1.072E-3 - - - 
Cl 2.822E-3 - - - 
F - - - - 
Mg 1.305E-3 - - - 
Ti 4.966E-3 - - - 
Zn 9.659E-3 1.020E-3 1.043E-3 1.194E-3 
K 3.607E-3 - - - 
S 2.472E-3 - - - 
P 2.145E-3 - - - 
Sb 3.049E-2 4.132E-3 4.380E-3 4.698E-3 
Si 1.839E-3 - - - 
 
 
The highest absorption edge energy is the K-edge for Sb, which is 30.49 keV.  This 
is well below the incident beam energies considered in the current study.  The 
mixture rule should therefore hold true for compounds composed of these elements. 
 
X-ray beams used for imaging are not mono-energetic but a spectrum of different 
energies.  These different energies interact with the material it is incident on in 
different ways.  Therefore, for dosimetry purposes, spectral weighting has to be 
considered.  A semi-empirical model was developed by GT Barnes and DP 
Chakraborty36 to generate tungsten target x-ray spectra.  The model uses measured 
spectra and output data from an x-ray tube to parameterise the required constants in 
the mathematical model.  The resultant model simulates real spectra accurately36.  It 
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was used by Mr EA de Kock37 at iThemba LABS to develop a spectral weighted 
mass energy absorption coefficient determination program.   
 
This program was made available by Mr EA de Kock for application in the current 
study.  The program uses the tube kVp, anode angle, percentage rhenium in the 
anode, total inherent aluminium filtration, thickness of the tube cooling oil, the 
thickness of the glass exit window and a list of energies and mass energy absorption 
coefficient paired data are computed to generate an x-ray spectrum.  The mass 
energy absorption coefficients are calculated on a finer energy grid by way of cubic 
spline interpolation.  The x-ray spectrum for a defined thickness of attenuating 
human muscle is computed at the energy grid with a semi-analytical model for the x-
ray tube.  These results are combined to form a spectral weighted mass energy- 
absorption coefficient which is written to an output file.37  
 
Mass energy absorption coefficients influence dosimetry.  The mixture rule can be 
used to determine the mass energy absorption coefficient for a compound from the 
absorption coefficients of its constituent elements.  The mass energy absorption 
coefficient has to be weighted by the incident x-ray spectrum, as the incident x-ray 
beam is not monoenergetic.  It was done by applying the program written by Mr E de 
Kock37.  The mass energy absorption coefficients and mass attenuation coefficients, 
as published by Hubbell and Seltzer38 for energies from 1 keV to 20 MeV and 
elements with atomic numbers from 1 to 92, as well as for 48 additional dosimetric 
useful materials, were used for the calculations.38  An example of the input file, with 
absorption coefficient and energy pairs, and the output file, with the spectral 
weighted mass energy absorption coefficient for certain thicknesses of attenuating 
human muscle tissue, is shown in Figure 2.6. 
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 [X-RAY TUBE PROPERTIES] 
Tube voltage (kVp) = 60.0 
Angle of anode (degrees) = 12.0 
Percentage rhenium in anode = 5.0 
Total aluminium filtration thickness (mm) = 2.5 
Tube cooling oil thickness (mm) = 1.5 
Tube glass window thickness (mm) = 0.5 
 
[ABSORPTION DATA] 
[Energy (keV), Absorption Coefficient (Any unit)] 
Number of data points = 16 
1 3.76E+03 
1.5 1.27E+03 
2 5.70E+02 
3 1.81E+02 
4 7.73E+01 
5 3.96E+01 
6 2.27E+01 
8 9.38E+00 
10 4.68E+00 
15 1.30E+00 
20 5.23E-01 
30 1.49E-01 
40 6.67E-02 
50 4.09E-02 
60 3.11E-02 
80 2.55E-02 
 
 
X-RAY SPECTRUM WEIGHTED ABSORPTION COEFFICIENT 
X-RAY TUBE PROPERTIES: 
---------------------- 
Tube voltage (kVp)                         = 60.0          
Angle of anode (degrees)                   = 12.0          
Percentage rhenium in anode                = 5.0           
Total aluminium filtration thickness (mm)  = 2.5           
Tube cooling oil thickness (mm)            = 1.5           
Tube glass window thickness (mm)           = 0.5           
 
RESULTS: 
-------- 
Attenuating material = Human tissue 
THICK = Thickness of attenuating material (cm) 
SWATTCOEFF = Spectrum-weighted absorption coefficient (units of input 
data) 
 
 THICK      SWATTCOEFF 
0.00     1.333099E-01 
1.00     1.175817E-01 
2.00     1.064315E-01 
3.00     9.804714E-02 
3.50     9.457611E-02 
4.00     9.147689E-02 
5.00     8.616878E-02 
6.00     8.177835E-02 
7.00     7.807831E-02 
 
a.) 
b.) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: a.) Energy and mass energy absorption 
coefficient input file.  b.) Spectral weighted mass 
energy absorption coefficient, with muscle attenuator, 
output file.37 
 
 
a.) 
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Bushberg et al1 mention several factors that influence the emission of x-rays.  These 
include the target material, tube voltage (kV), tube current (mA), exposure time (s), 
beam filtration and the generator waveform.1  In the current study the target material 
and generator waveform could not be changed.  Because of neonatal movement the 
exposure time has to be as short as possible to decrease the chance of motion 
artefacts.  The product of the tube current and exposure time, in mAs, is directly 
proportional to dose.  The factors that could be changed and varied in the current 
study are therefore kV, mAs and filtration. 
 
Bushberg et al1 describe the output of an x-ray tube in terms of beam quality, i.e. 
beam energy or penetrability, and beam quantity, or the number of photons in the 
beam.  The kV influences the energy of the x-ray spectrum, thus the beam quality, 
but it also affects the efficiency of x-ray production.  Therefore x-ray exposure is 
proportional to the kV2.  An increase in kV increases beam penetrability and energy 
and results in a contrast reduction.  The mAs determines the number of electrons 
flowing from the anode to the cathode, and therefore influences the beam quantity.  
An increase in mAs gives a beam intensity increase, which affects image darkening.  
Filtration removes low energy photons from the x-ray spectrum, creating a hardened 
spectrum, i.e. increased beam quality and reduced beam quantity.  If the kV is 
increased, mAs should be decreased to obtain the same exposure, which implies a 
dose reduction.  A rule of thumb calculation for the relationship is shown in Equation 
2.14.1 
 
 
          (
   
   
)
 
          [Equation 2.14] 
 
 
Equation 2.14 was applied in this study to estimate different kV and mAs 
combinations that would give comparable, and therefore acceptable, image quality. 
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2.4 Neonatal simulation phantoms 
 
A tissue simulating material is suitable only if it mimics the density and 
elemental composition of real tissue since these properties determine the radiation 
interaction characteristics, i.e. attenuation and absorption properties, of a material.  
Many readily available materials, for example perspex, metals and foams, simulate 
only the density of the real tissue.  Such a material is acceptable if only image quality 
is assessed, but these materials are not suitable for radiation dosimetry.  The 
dosimetry of an incident radiation beam is influenced by the elemental composition 
of a material, and therefore a tissue simulating material has to match this aspect of 
the real tissue as well. 
 
Constantinou39 states that “the following quantities must be identical for the phantom 
material and the tissue it simulates, if the two are to absorb and scatter any type of 
radiation in the same way: (1) photon mass attenuation and mass energy absorption 
coefficient; (ii) electron mass stopping power and mass angular scattering power; (iii) 
mass stopping power and angular scattering power for heavy charged particles and 
heavy ions; (iv) neutron interaction cross section or kerma factors…the mass 
densities of the two must be the same.”39  Such equivalence can only be achieved if 
the substitute material has the same elemental composition, in the same proportion 
by weight, as the real material.  The elemental composition of real tissue also varies.  
For example, the calcium content of paediatric bone is less than that of adult bone.  
Since calcium content of bone decreases with ageing such differences are important 
in radiation dosimetry.39 
 
Reliable composition and density data are needed for radiation dosimetry and tissue 
substitute analysis.  Tables of mass density, mass attenuation and mass energy 
absorption coefficients are published for a range of photon energies, from diagnostic 
kilovolt (kV) to therapeutic megavolt (MV) energies, for different elements and 
compounds.  These were originally published by Hubbell in the International Journal 
of Applied Radiation and Isotopes in 1982.40  More recent tables have been 
published by Hubbell and Seltzer38 in 1995 and these are available on the website of  
the National Institute of Standards and Technology (NIST).38  The current study 
employs these tables. 
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The elemental composition of body tissue changes continuously, for example in the 
process of ageing, and therefore appropriate foetal or neonatal data must be 
considered in the current study.  White et al6 published such data, representative of 
the general population, and commented that skeletal muscle makes up a quarter of 
the mass of a neonate and can therefore be considered as the comprising body 
tissue.  The elemental composition and mass density of foetal lung, in the age group 
17 - 40 weeks of gestation, newborn skeletal muscle and newborn cortical bone are 
also reported.  These are shown in Table 2.2. 
 
 
Table 2.2: Elemental composition analysis of body tissues and bone.6 
Tissue Elemental composition (% by mass) Mass 
density 
(kgm-3) 
H C N O Na P S Cl K Ca Mg 
Foetus 
lung  
(17-40 
weeks) 
10.6 7.6 1.8 79.2 0.2 0.2 0.1 0.2 0.1 0.0 0.0 1040 
Newborn 
skeletal 
muscle 
10.4 10.3 2.4 76.2 0.1 0.1 0.1 0.2 0.2 0.0 0.0 1050 
Newborn 
cortical 
bone 
4.4 15.3 4.1 47.7 0.1 8.5 0.2 0.1 0.0 19.4 
 
0.2 
 
1720 
 
 
Tissue equivalence was determined by applying the elemental equivalence method 
by Constantinou39.  A compound was made up of different elements or mixtures to 
arrive at a chemical formula almost similar to real tissue.  It meant that the chemical 
formula for a compound could be broken down into a combination of constituent 
formulae.  For example soft tissue,          , could be written as 
   [          ]     [          ]    [   ] .  Here                    , 
which was urea, and glycerol was                  .
39 
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Photon beam energies in diagnostic radiology are low and the tissue mimicking 
characteristics of a substitute material are energy dependent.  Jones et al42 
developed radiographic newborn soft tissue, bone and lung tissue equivalent 
materials based on mass density, mass energy absorption and mass attenuation 
coefficients over an energy range of 10 keV to 150 keV for computed tomography 
(CT) scanning.  Epoxy resin bases with phenolic spheres were used and the Oak 
Ridge National Laboratory tissue compositions were used as reference.  The mass 
attenuation and mass energy absorption coefficients, as previously published by 
White et al41, were matched iteratively by the researchers.  Phenolic spheres were 
then added to match the mass densities.  Final material composition adjustments 
were made to match the interaction coefficients over the desired diagnostic energy 
range.42 
 
All the substitutes consist of Araldite GY-6010 epoxy resin with Jeffamine T-403 as 
hardener.  The soft tissue and lung materials contained polyethylene, silicon dioxide 
and magnesium oxide as added materials.  The bone substitute had polyvinyl 
chloride, silicon dioxide and calcium carbonate additives.  The lung material was 
finished with a foaming process that used DC 1107 and DC 200/50 as foaming and 
surfactant agents.42 
 
Mass densities of the substitute materials were calculated from the density of water 
and dry mass and buoyancy of the material.  The radiation interaction coefficients 
were calculated from data published by Hubble and Seltzer38.  The proposed 
material mass attenuation coefficients underestimated the reference values by 
approximately 3%.  The agreement was better at lower photon energies.  The mass 
energy absorption coefficients were overestimated by 1 - 2% at low energies and 
underestimated at higher energies.  Overall, the proposed materials compared well 
to the reference material characteristics and the authors could construct a neonatal 
CT phantom using it.42  Although Jones et al42 reported a good match to real tissues, 
data on the actual manufacturing of the substitutes were not provided.  Therefore, 
other possible phantoms, as discussed in literature, were considered. 
 
Brindhaban and Al-Khalifah15 used a water filled one litre bottle to simulate a 1000 g 
neonate.  Film cassettes were placed on the mattress directly below the neonatal 
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phantom.  ESD was measured and effective doses were calculated.  The 
researchers reported that differences between their results and real neonates could 
be expected as a result of differences in physical size and mass and differences in 
energy absorption between real tissue and water.15  This phantom was a crude 
radiological approximation and in no way anatomically representative of a real 
neonate.  Analysis of image quality could not be done as this phantom contained no 
structures for inspecting visual image quality.  For the purposes of this study an 
improvement on the phantom described by Brindhaban and Al-Khalifah was 
therefore essential. 
 
In a study by Vergara et al43 a PMMA perspex phantom with different TLDs was 
used.  The phantom was made out of various rectangular slabs to simulate a 
neonate’s head, chest and abdomen, as shown in Figure 2.7.  To represent lungs, 
air gaps were created by removing the slabs that had been placed on each side of 
the chest area.43    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: A PMMA phantom (dimensions in cm) 
simulating a neonate.43 
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Clearly, this was an uncomplicated simulation of a neonate.  Although it was not an 
anatomical or radiological equivalent of a real neonate, it was a substantial 
improvement on the water bottle phantom of Brindhaban and Al-Khalifah15. 
 
Neonatal simulation phantoms were also designed by Duggan et al28.  These 
phantoms simulated 700 g and 2000 g neonates.  The tissue equivalent materials 
used were white water and lung equivalent inserts, from PTW Freiburg, Germany.  
Figure 2.8 shows the design for the 700 g phantom.  The dimensions for the 2000 g 
phantom were 100 x 250 x 70 mm3 with insert dimensions 60 x 80 x 20 mm3.  Image 
quality assessment tools were inserted into the phantom, which included a contrast 
resolution tool, made from the white water material and consisting of holes of 
different depths and diameters, and a line pair resolution gauge.  Holes were also 
made in the phantom to accommodate TLDs for dose measurements.28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: 700 g neonatal simulation phantom.28 
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Although the phantom offered an improved radiological simulation, using tissue 
equivalent lung material and white water, it still did not simulate neonatal anatomy 
accurately as it did not take the shape of lungs or the presence of bones into 
account.  It contained image quality quantification tools, but the researchers failed to 
assess image quality visually.  Here anatomical equivalence was improved and 
quantified image quality was assessed.  However, clinical image quality was not 
considered and a low dose radiograph of poor clinical quality was unacceptable and 
useless. 
  
Akahane et al29   constructed a neonatal simulation phantom from rectangular solids, 
based on a mean body size, determined from head, chest and abdomen 
measurements of real neonates.  Tough water and lung phantom materials from 
Kyoto Kagaku Co Ltd were used to simulate soft tissue and lungs.  Bones were 
omitted from the phantom.  The mass of the phantom was 1990.5 g and its height 
was 43.5 cm.  Its lungs were not symmetrical due to the volume of the heart.  The 
phantom is shown in Figure 2.9.29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Neonatal simulation phantom.29 
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Akahane et al29 stated that although the phantom was sturdy and easy to handle, it 
did not represent the exact shape of a neonate.  The lack of bones could also affect 
dose measurements.  They mentioned that at the time of publication (IRPA 10, May 
2000) of their article a “neonate physical phantom involving skeleton material has not 
been reported”.29  Their phantom was a further improvement on the previously 
mentioned phantoms since body shape was more accurately  accounted for and the 
manubrium area was also simulated.  The proposed neonatal chest simulation 
phantom in this thesis did not simulate a manubrium area, but it did contain bone 
material.  
 
Seifert et al44  proposed to use a rabbit as a test subject.  Several x-rays were taken 
of a rabbit, with added filtration of 1 mm Al + 0.1 mm Cu and different mAs settings.  
The quality of the rabbit images was assessed by different radiologists.  Images 
were still clinically acceptable at 66 kV with the added filtration, on a film-screen 
system.  As real tissue was used this was possibly the closest anatomical and 
radiological approximation to a real neonatal chest, although slight differences would 
exist between neonatal and rabbit tissue.  The real tissue of a rabbit is clearly a 
better substitute than plastic material.  However, at most institutions rabbits were not 
readily available for research purposes and special ethical committee approval was 
needed for animal studies.  A phantom was easier to handle, required no ethical 
committee approval and could be used at any institution.   
 
The phantom designed in the current study simulates a neonate more closely than 
those described in literature, both anatomically and radiologically.  The only phantom 
found in literature theoretically superior to the proposed phantom is a commercially 
available anthropomorphic phantom, the Gammex RMI© 610 phantom, as shown in 
Figure 2.10.45  The phantom is designed for computed radiography (CR) and digital 
radiography (DR) diagnostic x-ray systems.  It is stated that the Gammex phantom 
simulates a 1 - 2 kg neonate anatomically and has the same radiation attenuation 
characteristics as a real neonate.45 
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Figure 2.10: a.) The Gammex RMI© 610 Neonatal Chest Phantom.45  b.) An 
inverted radiograph of the Gammex RMI© 610 Neonatal Chest Phantom.21 
 
 
The Gammex RMI© phantom simulates a lung with pneumothorax, pleural thickening 
and hyaline membrane disease.  The use of the phantom addressed image quality 
and radiation dose concerns with digital x-ray imaging, such as the greyscale scaling 
of over exposed images leading to “dose creeping”.45 
 
In the current study, leading to a master’s degree in Medical Physics, it was decided, 
using basic medical physics principles, to design and develop an anatomical and 
radiological simulation phantom of a neonatal chest is more appropriate than using 
rabbit tissue as a simulated phantom of a neonate or a commercially available 
phantom.  The phantom proposed in this thesis simulates a real neonatal chest 
anatomically, considering muscle as the main comprising body material, healthy and 
sick (hyaline membrane disease or collapsed) lung and bone (ribs and vertebrae).  It 
is also radiologically similar to real neonatal tissues, in terms of tissue density, 
elemental composition and attenuation, scatter and absorption characteristics. 
 
 
 
b.) 
a.) 
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Chapter 3 
Methods and materials 
             
 
 
The design, construction and evaluation of a neonatal chest simulation 
phantom and a physics image quality assessment phantom are discussed.  Dose 
reduction techniques, with maintenance of acceptable clinical image quality, and the 
possible reduction in the risk for cancer induction are recorded. 
 
 
3.1 The design of a neonatal chest simulation phantom 
 
The success of the current study depended on the construction of a phantom 
that was anatomically and radiologically equivalent to a real neonatal chest.  As seen 
from literature different approaches to simulation phantoms exist but none of these 
phantoms satisfied both anatomical and radiological equivalence, except possibly 
the commercial Gammex RMI© anthropomorphic phantom45.  It was challenging to 
construct a phantom that would be an exact equivalent of a neonatal chest 
anatomically and radiologically.  The lack of a suitable neonatal chest simulation 
phantom led to the decision to design such a phantom that would meet the highest 
level of neonatal equivalence achievable. 
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3.1.1 Anatomical equivalence 
 
Approval was obtained from The Health Research Ethics Committee of the 
University of Stellenbosch (Ethics reference number: N10/12/400) to perform a 
Computer Tomography (CT) scan on a neonatal cadaver. (see Appendix A)  The 
cadaver was a seven month old preterm foetus obtained from the Anatomy and 
Histology Department, Faculty of Health Sciences, University of Stellenbosch.  A CT 
scan was performed on the cadaver and used to obtain actual anatomical 
information that was needed to construct the neonatal chest simulation phantom for 
the current study.   
 
The size and position of the lungs, sternum, ribs and vertebrae had to be 
established, as well as the chest circumference.  A CT scan was performed on the 
cadaver at iThemba LABS, Faure, on a Philips Brilliance CT Big Bore configuration 
scanner.  The quality assurance of the CT scanner was performed by a medical 
physicist and SANAS accredited Inspection Body.  The CT scan was performed at 
120 kV and 30 mA.  A scan length of 400 mm was used, with 1 mm contiguous slice 
width.  The CT reference was on the sternum of the cadaver.  Reconstructions were 
performed with bone and soft tissue filters.  A cylindrical object of known size was 
placed at the feet of the cadaver, to check possible scaling and magnification.  
Measurements were obtained with the available software tools on the CT scanner. 
 
In Figures 3.1 to 3.6 below, arrows are used to indicate how the different 
measurements were obtained.  In these measurements, thickness refers to the 
anterior-to-posterior dimension, length to the longer and width to the shorter of the 
remaining two dimensions. 
 
For lung dimensions the scout views, as shown in Figure 3.1, were used.  The lungs 
of the cadaver were not yet air filled, therefore the assumption was made that the 
lungs would have filled the inner cavity of the chest, from the midline to the ribs on 
the AP view and from the vertebrae to the ribs on the lateral view. 
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Chest width 
Chest length 
Lung width 
Lung length 
Chest thickness 
Lung thickness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: a.) AP CT scout view of neonatal cadaver.  b.) Lateral CT scout of 
neonatal cadaver. 
 
 
The sternum was measured on transverse slices of a bone reconstruction of the CT 
scan.  In the cadaver the sternum was not yet fused and therefore consisted of three 
bony segments.  The distance between these segments was determined by counting 
the number of transverse slices between appearances of the sternal segments.  The 
thickness and width of the segments were measured on the transverse slices and 
the length was determined by counting the number of consecutive transverse slices 
on which the segment was seen.  The depth of the sternal segments below the skin 
surface was measured from the transverse slices.  Although not perfect cuboids, the 
sternal segments were assumed to be such for simplification of material machining 
for construction of the phantom.  An example of the transverse slices used is shown 
in Figure 3.2.  
 
Chapter 3 – Methods and materials 
Stellenbosch University  http://scholar.sun.ac.za
48 
 
Sternum segment thickness 
Sternum segment width 
Sternum segment depth 
 
 
 
 
 
 
 
 
 
Figure 3.2: Transverse slice for sternal segment measurements. 
 
 
As shown in Figure 3.3, the image of the cadaver was rotated, with software tools 
available on the CT scanner, to project the sternal segments centrally on the 
vertebral column.  This view was used to measure the lengths of the anterior ribs.  
The anterior ribs were defined as those parts of the ribs that were projected over the 
lungs, i.e. those rib segments anterior to the lungs.  The total distance covered by 
the anterior ribs in the chest cavity and the intercostal spaces were also measured 
from this view.  The thickness of the anterior ribs was measured on the bone 
reconstruction transverse slices, for example as in Figure 3.4 below.  Multiple 
measurements were performed and an average was found for simplification of 
phantom machining. 
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Figure 3.3: Rotated view for measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Transverse slice for measuring rib thickness. 
 
Anterior rib width 
Sternal segment 
Anterior ribs distance in chest 
Intercostal space width 
Posterior rib width 
Anterior rib length 
Intercostal space width 
Posterior rib length 
Posterior rib template 
Transverse process width 
Vertebral body width 
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The thickness of the posterior ribs was assumed to be the same as that of the 
anterior ribs.  The length and width of the posterior ribs, as well as the width of the 
intercostal spaces, were measured on the rotated view in Figure 3.3.  As a 
simplifying assumption the slight curvature of the posterior ribs was disregarded.  
These measurements were used to construct a posterior rib template, which, 
although simplified somewhat for machinability, simulated the posterior ribs of the 
cadaver quite well.  Figure 3.3 shows the template outline.  It was furthermore 
assumed that the left and right sides of the cadaver would be symmetrical if it lay in 
an anatomically correct  AP position. 
 
The thicknesses of the vertebral bodies and spinous processes were measured from 
Figure 3.5 on a spine window setting.  The thicknesses of all the visible vertebrae 
were measured and an average was determined for phantom machining 
simplification.  It was also assumed that the vertebral bodies and spinous processes 
were solid without a soft tissue gap between the two bony structures.  The widths of 
the vertebral transverse processes and the vertebral bodies were measured on 
Figure 3.3 above.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: a.) Vertebral thickness measurements.  b.) A zoomed in version of image 
a.). 
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As the vertebral column extended over the full length of the cadaver chest and the 
length of intervertebral spaces were smaller than those of the vertebrae, a 
simplifying assumption was again made that the vertebrae formed a solid column 
with a length equal to that of the entire chest.  The thickness of soft tissue posterior 
to the vertebral column was averaged from measurements on Figure 3.5. 
 
The chest length and width were measured on the anterior CT scout image in Figure 
3.1 a.).  The thickness of the cadaver chest was measured on the lateral scout 
image in Figure 3.1 b.).  The averages of measurements at different locations were 
used for phantom construction. 
 
The object placed at the feet of the cadaver for scaling and magnification checking 
was a cylinder of 70 mm length and 28 mm diameter.  Figure 3.1 a.) and b.) were 
used to measure the length and diameter of the cylinder.  From these measurements 
possible magnification or scaling could be checked. 
 
The thickness measurements of the different structures in the chest were combined 
in a sectional view to show what the total overall thickness of the chest would be.  It 
was compared to the measured chest thickness value, and also to chest thicknesses 
obtained from measurements at the Skills Laboratory at the Tygerberg Medical 
School Campus.  Average sizes and dimensions were calculated from 
measurements at different locations for the structures incorporated into the neonatal 
phantom chest.  Shapes of structures were also simplified into less rounded and 
more geometrical shapes.  It was done to simplify the machining of the plastics and 
to take minimum achievable machining limits into account.  All of these 
measurements and assumptions were combined to design a neonatal chest 
simulation phantom that simulated a real neonatal chest anatomically to a large 
extent. 
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3.1.2 Radiological equivalence 
 
To be radiologically equivalent, the phantom had to be similar to a real 
neonatal chest in density, elemental composition, or mass fraction by weight, and 
attenuation, scattering and absorption characteristics.  The substitute materials 
selected for the phantom had to be easily obtainable and cost had to be considered.  
These factors, and a range of possible substitute materials, were referred to in 
literature. 
 
A variety of possible substitutes, as mentioned by White et al6, ICRU46 and Gammex 
RMI©47, were considered for neonatal muscle, normal or healthy lung, sick or 
deflated lung and bone.  For muscle these included Frigerio gel, RM/G1 gel, Rossi 
gel, Polystyrene, Temex, Gammex solid water and Agar gel mix, an in house 
developed option.  Muscle was selected as the substance forming the body of a 
neonate, as it made up about 25% of the mass of a newborn and therefore 
contributed more to total body mass than any other structure or organ, as reported 
by White et al6.  Griffith lung, LN10/75 and Gammex LN300 were considered for 
healthy or inflated lung.  The options for sick or deflated lung were Polystyrene, 
Gammex CT solid water and Gammex solid water.  The possible bone substitutes 
were SB5, B110 and Gammex SB3. 
 
All the possible substitutes were compared to the equivalent real tissues with regard 
to elemental composition, density, total attenuation coefficient, Compton scatter 
coefficient and spectral weighted mass energy absorption coefficient.  Obtainability, 
cost and ease of machining or working with the materials were also considered.  The 
different substitute materials were each scored in order to determine the best 
possible substitute for real neonatal tissue.  The scoring system is included in Table 
3.1.   
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Table 3.1: Scoring system for neonatal chest simulation phantom substitute 
comparison. 
Conformity to criterion Score 
Excellent 5 
Very good 4 
Fair 3 
Poor 2 
Not at all 1 
 
 
3.1.2.1 Density and elemental composition matching 
 
The densities, in units of kg/m3 or g/cm3, and elemental compositions, or 
mass fractions by weight, of real neonatal muscle, healthy and sick lung and bone, 
and those of all the different substitutes, were tabulated in literature.6,46,47  For Agar 
gel mix these were calculated, as in Appendix B.  The Agar gel mix consisted of 4% 
Agar (C12H18O9),
48 10% sucrose (C12H22O11) and 86% water (H2O).  For the mixture 
the mass fraction was calculated for the chemical formulae of its constituent 
compounds.  Its density was measured as the quotient of the mass, of a certain 
volume of Agar gel mix, by the associated volume.   
 
The different substitute densities were normalised by the real tissue density by 
division of the substitute density by that of the corresponding real tissue.  The results 
were displayed graphically.  A value of 1 would be indicative of a good simulation of 
tissue density.  An example of the normalisation is shown in Equation 3.1. 
 
 
                   
                    
             [Equation 3.1] 
 
 
Elemental compositions were tabulated and plotted for a graphic display of substitute 
versus real tissue coincidence.   
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3.1.2.2 Attenuation and scatter coefficients 
 
The total attenuation coefficients and incoherent or Compton scatter 
coefficients, in units of cm2/g, were calculated from the mass fractions using the 
XCOM program.  It was done for real and substitute materials using the mass 
fractions by weight as obtained from literature (refer to section 3.1.2.1).  The 
calculations were done over an energy range of interest in neonatal chest imaging.  
The results were again normalised to real tissues, as demonstrated in Equation 3.1 
above,  and displayed graphically.   
 
 
3.1.2.3 Mass energy absorption coefficients 
 
Hubble and Seltzer38 published in tabular form the mass energy absorption 
coefficients for energies from 1 keV to 20 MeV for elements with atomic numbers 
from 1 to 92.  It was also published for 48 additional substances of interest in 
radiation dosimetry.  For the energies of interest in the current study these tables 
were used to obtain the different coefficients. 
 
As the possible tissue substitute materials were mixtures or compounds consisting of 
different elements, the mixture rule, as in Equation 2.13, was used to calculate the 
compound mass energy absorption coefficient, at a specific energy, from its 
constituent elemental mass fractions and mass energy absorption coefficients.  The 
mixture rule was first proven to hold for mass energy absorption coefficient 
calculations by calculating the coefficient for water, A150 and adipose tissue with the 
mixture rule and comparing it to the published tabulated values.   
 
The spectral weighted mass energy absorption coefficient determination program of 
Mr EA de Kock37 was then used to calculate a single value for the spectral weighted 
mass energy absorption coefficient for each of the possible substitute materials as 
well as for the true body tissues.  Calculations were done for the emission spectrum, 
i.e. with no attenuator or 0 cm muscle thickness, and for different thicknesses of 
muscle, to take beam hardening effects due to attenuation in the phantom into 
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account.  The results for the possible substitute materials were normalised to that of 
the corresponding real neonatal tissues, as shown in Equation 3.1. 
 
 
3.1.3 Obtainability and cost 
 
The possible substitute materials were evaluated on cost and obtainability.  
Although some substitutes simulated the real tissues quite accurately, the chemical 
formulae and method of preparation were not readily available at expected sources 
and therefore these substitutes could not be considered for use.  The majority of the 
substitutes of which costs could be established were very expensive.  It was a 
requirement of this project that the phantom substitute materials should be easily 
obtainable and relatively economical.  
 
 
3.1.4 Validation of the phantom 
 
The average intensities and standard deviations in regions of interest (ROIs) 
in the healthy and sick lung, bony and muscle regions of the phantom were 
compared to those obtained from an x-ray of a real neonate.  Averages were 
calculated from three ROIs in each of the structures at different locations.  Both 
exposures were made at 50 kV, 2 mAs and inherent filtration at 100 cm FFD.  The 
real neonatal image was obtained on a mobile imaging unit and the image of the 
neonatal chest simulation phantom on the fixed x-ray unit at the Oncology Division at 
Tygerberg Academic Hospital.  This method of validation was also suggested in 
literature by Duggan et al28. 
 
 
 
 
 
 
 
Chapter 3 – Methods and materials 
Stellenbosch University  http://scholar.sun.ac.za
56 
 
3.2 The design of a physics image quality assessment phantom 
 
Physics image quality quantification was essential.  As this thesis was for a 
Medical Physics Master’s degree, a physics phantom for image quality analysis was 
designed, as shown schematically in Figure 3.6. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Schematic representation of physics image quality 
assessment phantom. 
 
 
All the inserts were placed mid plane in the phantom.  Agar gel mix was poured into 
the perspex holder to a depth of 3.5 cm.  It was allowed to set.  The physics test 
objects were then placed on the set gel and the phantom was filled with Agar gel 
mix.  After the Agar gel mix was completely set, the phantom was wiped down with 
Sporekill and covered with clear plastic cling wrap to prevent contamination as Agar 
is a growing medium for bacteria and fungi.  The phantom was then used for physics 
image quality quantification. 
 
The perspex holder with the grooves housing different diameters of wires was used 
to determine the spatial resolution of the image in terms of the modulation transfer 
function (MTF) using Equation 3.2 below.  In Bushberg et al1 spatial resolution is 
defined as the ability of the imaging system to distinctly represent two objects as 
they came closer together and got smaller.1  A MTF is an illustration of the recorded 
percentage contrast of an object as a function of its size.  The size of an object is its 
 
Agar gel mix   
 
2mm thick perspex 
holder with grooves 
with 0.5 mm, 0.43 
mm, 0.4 mm, 0.32 
mm, 0.3 mm, 0.2 
mm and 0.1 mm 
diameter wires 5 mm, 4 mm, 3 mm, 2 mm and 1 
mm thick high density 
polyethylene disks 
  
1mm thick copper plate 
   5 mm, 4 mm, 3 mm, 2 
mm and 1 mm thick 
torlon disks 
 
2mm thick perspex holder 
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spatial frequency.  Low spatial frequencies indicate large objects and small objects 
are represented by high spatial frequencies.1  The spatial resolution was also 
determined from the copper plate, by using an edge spread function (ESF) to 
calculate the MTF.  It was done in Microsoft Excel.  The results from these two 
methods of MTF determination were compared. 
 
From the Goodfellow catalogue49, the density of torlon was 1.42 - 1.46 g/cm3 and 
that of high density polyethylene was 0.95 g/cm3.49  These materials were selected 
for the image quality phantom to assess low contrast detectability, as the densities 
were above and below that of the Agar gel mix.  Contrast is defined as the difference 
in the optical density or grey scale levels between two regions in an image that are 
next to each other.1  By introducing different thicknesses of these materials it was 
possible to determine contrast resolution in terms of the thinnest disk visible.  These 
disks were also used to calculate SNRs, SDNRs and contrast-to-noise ratios 
(CNRs). 
 
 
3.3 Image quality analysis 
 
Image quality was analysed for the physics image quality assessment 
phantom and for the neonatal chest simulation phantom.   
 
With the physics image quality assessment phantom, only the final set of exposures, 
as derived in section 3.4, was considered.  Quantitative image quality analysis was 
done by the principal investigator.  It involved the calculation of MTFs, SNRs, 
SDNRs and CNRs.  Low contrast detectability was also determined.  The evaluation 
process is discussed in section 3.3.1.  
 
Visual and quantitative image quality was obtained for the neonatal chest simulation 
phantom for the preliminary and final exposure sets, as discussed in section 3.3.2.  
Visual image quality was also assessed by independent medical physicists and 
radiographers for the final exposure set.  Visual image quality analysis was a “blind” 
process, where the observers did not know the exposure parameters used to obtain 
the images, and was based on the criteria in Table 3.2 below.  For quantitative 
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image quality analysis SNRs, SDNRs and CNRs were calculated.  It is discussed in 
section 3.3.2.    
 
 
3.3.1 Evaluation of the physics image quality assessment phantom 
 
Image quality was quantified with the physics image quality assessment 
phantom and the final set of exposure parameters.  The derivation of the final 
exposure parameter set is discussed in section 3.4 below. 
 
MTFs were calculated from the perspex wire holder.  Three wires for each diameter 
were included on the holder.  The diameters were 0.50, 0.43, 0.40, 0.32, 0.30, 0.20 
and 0.10 mm.  A profile was drawn perpendicularly across the wires in ImageJ, free 
image processing software.  The maximum and minimum intensity values of the 
second wire in each set were found.  These were used to calculate the MTF for each 
wire diameter, using Equation 3.2, as suggested by Atkins50.  The results were 
plotted as a function of wire thickness. 
 
 
    
                                   
                                   
         [Equation 3.2] 
 
 
The ESF of the copper plate was used to calculate the MTF for each image using 
Microsoft Excel.  In Image J a profile was drawn across the edge of the copper plate, 
as shown in Figure 3.7.  The plot values of the profile were imported into Microsoft 
Excel.  Background was measured in a ROI next to the copper plate.  The 
background value was subtracted from the plot values of the profile in Microsoft 
Excel.  The resultant values represented the ESF for the image.  The number of 
samples was adjusted to 32, i.e. 25.  This was necessary for the Fourier Analysis tool 
in Microsoft Excel to work.  Zeros were added as dummy values in order to obtain 
the 32 data points.  The Fourier Analysis tool was used to calculate the Fourier 
transform of the ESF.  The IMABS function in Microsoft Excel was used to calculate 
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MTF profile line 
the absolute values of the complex numbers, which was the MTF.  This method was 
described by Klingenberg51.   
 
The matrix size of the images was 3270 x 1770 pixels, which represented the image 
from a 24 x 18 cm cassette.  The pixels/cm/interval was calculated as half of the 
pixels divided by the corresponding image dimension in cm divided by 32 intervals.  
By multiplying these values with the interval values, i.e. multiples of 2, the pixels/cm 
were calculated.  These were the x-axis values in a graph with MTF on the y-axis.  
The results of the two MTF determination methods were compared. 
 
SNRs, SDNRs and CNRs were calculated for each of the different images by the 
principal investigator, a medical physicist.  Figure 3.7 showed the placement of the 
ROIs and profile lines used for the calculations.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Physics image quality assessment phantom ROI and 
profile line locations. 
 
SNR and SDNR were calculated with Equations 2.2 and 2.3.  CNR were calculated 
using Equation 3.3 from Bushberg et al1.  These calculations were done with ROIs in 
Image J. 
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             [Equation 3.3] 
 
 
where   and   are the intensities in ROIs of the same size inside and right next to 
the disk and     is the standard deviation or noise in the ROI next to the disk. 
 
Low contrast detectability was evaluated with the torlon and high density 
polyethylene disks in the physics image quality assessment phantom.  These disks 
had different thicknesses and their densities were 29 - 33% higher (1.42 - 1.46 
g/cm3) and 14% lower (0.95 g/cm3) than that of Agar gel mix (1.10 g/cm3). The 
thinnest visible disk was determined in each image.  The thinner the visible disk was, 
the better the low contrast detectability was.   
 
Image quality was deemed better if the SNR was higher, SDNR was higher, CNR 
was higher and the MTF graphs included more high frequency data.  Based on all 
the analysis results images were ranked from best to worst.   
 
 
3.3.2 Neonatal chest simulation phantom evaluation 
 
The phantom was analysed visually and quantitatively by means of the 
preliminary and final exposure sets.  No exposure factor details were present upon 
visual evaluation, it was therefore a “blind” process.  Images were visually scored.  
The scoring criteria included the visibility of the central line, posterior ribs, lungs and 
sternal blocks, as detailed in Table 3.2 and Figure 3.8.  The final exposure set 
images were also shown to independent medical physicists and radiographers who 
scored the images according to the criteria in Table 3.2. 
 
As an example, the image in Figure 3.8 below scored 5 for sternum, as all three 
blocks were clearly visible, 3 for central line, as it was seen from the top of the 
phantom across the spinal column to the healthy lung, 3 for healthy lung as the lung 
was not dark and the posterior ribs were clearly visible behind the lung, 0 for sick 
lung as the whole lung and the medial outline were not visible and overall it obtained 
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a score of 5, i.e. a very good image that was usable and gave sufficient clinical data.  
The scoring was based on the criteria in Table 3.2 below. 
 
 
Table 3.2: Clinical or visual image quality scoring criteria. 
 
 
 
Furthermore, the images of the neonatal chest simulation phantom were investigated 
quantitatively.  SNRs were calculated for the sick and healthy lungs, with equal sized 
ROIs placed in the lungs at the same location in all of the images, as shown in 
Figure 3.8.  SDNRs were calculated for sick and healthy lung versus Agar gel 
mixture and CNRs were calculated for healthy lung versus bone.  It was done for the 
preliminary and final exposure sets.  The quantitative image quality ranking for the 
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neonatal chest simulation phantom was compared with that of the physics image 
quality assessment phantom. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Location of quantitative ROIs and visual scoring criteria. 
 
 
For the final exposure set the images were visually ranked from best to worst by 
independent medical physicists and radiographers.  Quantitative image quality was 
assessed by the principal investigator.  The correspondence between clinical or 
visual and physical image quality and delivered radiation dose was determined.  The 
final exposure set images were ranked from best to worst based on visual and 
quantitative image quality and measured ESDs.  These were used to make 
recommendations to the Diagnostic Radiology Division at Tygerberg Academic 
Hospital. 
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3.4 Dose reduction versus image quality 
 
Various mechanisms were available to reduce the ESD, as discussed in the 
literature review, section 2.2.  The suggestions from literature were widely ranged 
and mostly applicable to screen-film research.  The exposure factors that did 
influence ESD and image quality are recorded in Table 3.3, with the ranges as 
suggested by the different literature studies.13,14,15,21,28  A number of preliminary 
exposures were needed to determine the optimal range of exposure factors that 
gave a dose reduction, with little or no effect on image quality, for a CR system.  It 
was done in a “trial-and-error” manner where doses were measured and images 
were acquired and analysed in order to arrive at a final set of exposures for final 
evaluation.  The exposures of the final evaluation set were in the optimal dose 
reduction and image quality maintenance range. 
 
Image analysis of the preliminary exposure sets was done on the same computer, in 
the same area and by the same observer.  It was done in order to keep viewing 
conditions such as ambient light, observer eyesight and display screen resolution as 
constant as possible. 
 
 
Table 3.3: Exposure factors and suggested ranges as found in literature.13,14,15,21,28 
 
 
 
Table 3.3 was considered in four sets of preliminary exposures.  Different 
combinations of kV and mAs settings were used and the ESD and obtained image 
quality were evaluated in conjunction with each other.  Collimation was performed as 
tightly as possible, as recommended by Egan and Dowd24 and accepted in general 
practice.  Different FFD settings were investigated with regard to obtained ESD and 
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image quality, as recommended in literature.21,28  Special attention was given to the 
effect of additional filtration, as the technique had proven results in literature.21,28 
 
The effect of additional filtration was investigated on the fixed x-ray unit in the 
Oncology Division at Tygerberg Academic Hospital, although additional filtration was 
not available on the mobile unit routinely used to image neonates at Tygerberg 
Academic Hospital.  This was done to obtain a full view of possible dose reductions 
and image quality influences.  If proved effective, the research could be used as 
motivation for the acquisition of commercially available mobile x-ray filtration options.  
It included a mobile unit with additional filters on a selection dial, similar to those of 
the fixed unit.  An example of such a unit was the Philips Practix 360, with 2 mm Al, 
0.1 mm Cu + 1 mm Al and 0.2 mm Cu + 1 mm Al additional filters.  Separate 
paediatric filters were also available from Philips.  These were transparent lead  
containing PMMA filters, 2.4 mm or 4.3 mm thick, which were equivalent to 0.1 mm 
Cu + 1 mm Al and 0.2 mm Cu + 1 mm Al additional filtration at 70 kV.  These could 
be inserted into the guide rail of the collimator of a mobile x-ray unit and would not 
obstruct the light field for patient setup.  Another option was to fix Al and Cu plates to 
the exit window of the current mobile unit, although it would obstruct the light field 
and hinder patient setup.  It therefore required extra radiographer input after patient 
was set up and before the x-ray was taken.     
 
The data from each of the preliminary exposure sets were used to determine what 
exposures were still needed and what range of exposure factors were acceptable 
and useful for the current study.  These preliminary exposures were made at the 
Oncology Division at Tygerberg Academic Hospital on a fixed Philips x-ray unit.  
Fujifilm FCR Fuji IP cassettes type CC 24 cm x 30 cm were used for the exposures.  
A PRC Eleva S Fujifilm reader was used to read out the cassettes and the images 
were stored on PACS.  The cassette was placed below the phantom on the bed, with 
the required setup for that exposure.  The phantom was centred on the same 
location repeatedly, i.e. on the manubrium for the neonatal chest simulation 
phantom.  The images were copied from PACS onto CDs for evaluation with Image J 
free software.  SNR, SDNR, CNR and visual image quality analysis was done on the 
images of the neonatal chest simulation phantom, while ESDs were also considered. 
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Images were acquired as raw and processed images.  The raw images were 
obtained by selecting UM Chest Paediatrics on the reader control computer.  For 
processed images UNIQUE Chest Portable was selected.  Raw images had no 
inherent image processing, while image processing occurred with the processed 
images, to make different exposures more uniform and easier to view.  Post 
acquisition image processing was available and used by changing window widths, 
i.e. contrast, and window levels, i.e. brightness, for best visualisation.   
 
The doses for the preliminary exposure sets were measured with an Unfors XI view 
detector that was available at Tygerberg Academic Hospital, but the detector did not 
have a recent calibration traceable to a standards laboratory.  These doses were 
therefore used for trend determination only and were not accepted as absolute 
doses.  The detector was placed on the anterior surface of the phantom, with the 
same setup and parameters as used for the corresponding exposure to obtain the 
image.  Tables 3.4 to 3.7 show the parameters for these four preliminary exposure 
runs.  The results obtained from these exposures were used to derive the final set of 
exposures, which is used in image quality analysis in sections 3.3.1 and 3.3.2. 
 
For the final set of exposures, as documented in Table 3.8, a PTW Conny II 
dosimeter (PTW, Freiburg), with a traceable calibration, was used for absolute ESD 
measurement.  These exposures were made on a Shimadzu Mobile Art Evolution 
mobile x-ray unit using 18 cm x 24 cm Fujifilm FCR Fuji IP Cassette type CC 
cassettes and a Philips PCR Eleva Corado reader.  The equipment was the same as 
that used routinely in the neonatal division at Tygerberg Academic Hospital.  Here 
three exposures were made at each setting, i.e. the neonatal chest simulation 
phantom was imaged, the ESD was measured on the neonatal chest simulation 
phantom and an image of the physics image quality assessment phantom was 
obtained.  The images were also stored on PACS and written to CD for evaluation 
with Image J.   
 
The neonatal chest simulation phantom was set up as with the preliminary 
exposures and centring was done in the middle of the physics image quality 
assessment phantom.  The quantitative image quality rankings for the two phantoms 
were compared.  A final ranking of the neonatal chest simulation phantom images for 
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the final exposure set was based on visual and quantitative image quality and 
measured radiation dose. 
 
 
Table 3.4: First preliminary  Table 3.5: Second preliminary exposure set. 
exposure set. 
 
 
 
 
 
 
 
 
Table 3.6: Third preliminary exposure set. 
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Table 3.7: Forth preliminary exposure set. 
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Table 3.8: Final exposure set. 
 
 
 
 
 
 
 
 
 
 
3.5 Uncertainties in dose measurements 
  
The random uncertainty in the measurement of the ESDs was determined 
with the PTW Conny II detector.  Successive exposures were made with the 
neonatal chest simulation phantom, with the same exposure or technique factors, i.e. 
small focus, 50 kV, 2 mAs, 100 cm FFD and inherent filtration.  For each exposure 
the positioning of the phantom and detector was redone.  Random uncertainty was 
calculated as the standard deviation of the measured ESDs. 
 
Systematic uncertainty was contributed by the uncertainty in the calibration of the 
detector.  From the PTW calibration certificate this uncertainty was 5%.  The total 
uncertainty,       , in absolute dose measurements was the combined random, 
       , and systematic,            , uncertainties, which was calculated with 
Equation 3.4. 
 
 
       √           (           )
 
          [Equation 3.4] 
 
 
The uncertainty in the calculation of the effective dose,               , in Table 4.24 
was the product of the measured ESD uncertainty and the conversion coefficient, 
which was a constant.  These uncertainties were calculated with Equation 3.5. 
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                                                     [Equation 3.5] 
 
 
3.6 Cancer induction risk calculation 
 
The risk for induction of cancer in the young child was calculated as the 
product of the effective dose and published ICRP risk factors.  The ICRP risk factors, 
as mentioned by Huda2 and Roebuck19 are 0.1 - 0.15 Sv-1 for children.2,19  Risk 
factors for foetal irradiation, or prenatal exposures to radiation, were also published 
by the ICRP in Report 60, as mentioned by Brindhaban and Al-Khalifah15.  These are 
2.8 - 13x10-2 Sv-1. 
 
The entrance surface dose (ESD) was measured with the PTW Conny II detector, as 
described in section 3.4.  Conversion coefficients, which converted entrance surface 
dose to effective dose, as published in the National Radiological Protection Board 
(NRPB) Report R26252, were used to obtain the associated effective doses.  It was 
done for each of the exposures in Table 3.8 for the final exposure set.  The 
calculated effective doses were multiplied with the different ICRP risk factors to 
obtain the cancer induction risks. 
 
The risk per radiograph was calculated per 1 000 000 of the population.  It was 
multiplied by the average number of radiographs a neonate received in Tygerberg 
Academic Hospital, i.e. 15, to obtain the average cancer induction risk per million 
neonates. 
 
The tables in NRPB Report R262 consider a range of x-ray examinations, applied 
tube potentials (kV) and filtrations.  The filtration is expressed in terms of mm 
aluminium.  The inherent filtration of the Shimadzu Mobile Art Evolution mobile x-ray 
unit was 1.5 mm Al, according to the manufacturer specifications for the unit.53  
Additional filtration of 0.1 mm Cu + 1 mm Al was used in some of the exposures in 
Table 3.8.  The additional filtration was equal to 4.5 mm Al, according to Hertrich54.  
The NRPB Report R262 tables made provision for 2 - 5 mm Al filtration only.  
Therefore the coefficients for 2 mm Al was used for inherent filtration of 1.5 mm Al, 
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and 5 mm Al values were used for additional filtration, of 6 mm Al, exposures, as 
further data was not available from the tables.  To obtain the coefficients at kV 
values different to those in the tables, linear interpolation was used.   
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Chapter 4 
Results 
             
 
 
The work drawings for the neonatal chest simulation and physics image 
quality assessment phantoms are presented.  Radiological equivalence and 
phantom validation results for the neonatal chest simulation phantom are shown.  
Image quality analysis results, both visual and quantitative, dose reduction and 
cancer induction risk analysis outcomes are included.  Overall ranking of the 
exposures made, based on measured ESD, visual and quantitative image quality 
and cancer induction risks are shown, in order to determine the best option for dose 
reduction with image quality maintenance and cancer induction risk reduction. 
 
 
4.1 The design of a neonatal chest simulation phantom 
 
The neonatal chest simulation phantom was designed to simulate a real 
neonatal chest anatomically and radiologically as discussed in sections 4.1.1 and 
4.1.2. 
 
 
4.1.1 Anatomical equivalence 
 
From the measurements described in section 3.1.1, scaled work drawings of 
the different anatomical structures of interest were made, as Figures 4.1 to 4.3 show.  
These were used for the machining and manufacturing of the posterior ribs, vertebral 
column, healthy and sick lungs, anterior ribs and sternal blocks. 
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c.) 
d.) 
a.) 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: a.) Posterior ribs AP view.  b.) Posterior ribs sectional view.  c.) Vertebral 
column AP view.  d.) Vertebral column sectional view. 
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a.) b.) 
c.) d.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: a.) Sick lung AP view.  b.) Healthy lung AP view.  c.) Sick lung sectional 
view.  d.) Healthy lung sectional views.  
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a.) 
b.) 
c.) d.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: a.) Anterior ribs AP view.  b.) 
Anterior ribs sectional view.  c.) Sternal 
blocks AP view. d.) Sternal blocks 
sectional view. 
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A schematic AP and three-dimensional representation of the resultant phantom are 
shown in Figure 4.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: a.) Schematic AP and b.) three-dimensional representations of the 
designed neonatal chest simulation phantom. 
 
 
The respective anatomical structures were assembled on a layer-by-layer basis in a 
perspex holder with the Agar gel mixture as muscle substitute material.  The process 
is illustrated in Figure 4.5.   
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a.) b.) c.) 
d.) e.) f.) 
g.) h.) i.) 
j.) k.) l.) 
m.) n.) o.) 
p.) q.) r.) 
s.) t.) u.) 
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Figure 4.5: Neonatal chest simulation phantom assembly process.  a.) Agar gel 
mix was poured into the perspex holder.  b.) A ruler was used to measure the Agar 
gel mix thickness to be equivalent to the posterior tissue thickness.  c.) After the 
first layer set, the posterior ribs were placed centrally in the phantom.  d.) Agar gel 
mix was poured around the posterior ribs and the ribs were held down for the Agar 
gel mix to set around it.  e.) The vertebral column was placed on the posterior ribs.  
f.) Agar gel mix was poured around the vertebral column.  g.) Side view of the 
phantom up to this point of construction.  h.) Air bubbles were removed with a 
spatula (it was done throughout the construction process).  i.) Lungs were placed 
symmetrically about the centre of the phantom.  j.) View of the lungs in position.  
k.) The healthy lung was buoyant and was held down with a lead weight.  Agar gel 
mix was poured around the lungs layer by layer.  i.) View of first layer Agar gel mix 
with lungs in position.  m.) Side view of phantom up to this point of construction.  
n.) Filling of the phantom with the lungs in position.  o.) Side view of phantom up to 
this point of construction.  The central line was placed at this level.  p.) Placing of 
the central line.  q.) Thin layers of Agar gel mix were poured over the central line 
so that it set in position and did not float.  r.) Agar gel mix was poured to the level 
of the lungs and the anterior ribs were placed symmetrically on the lungs.  s.) Side 
view of phantom up to this point of construction.  t.) Agar gel mix was poured to 
the brim of the perspex phantom.  u.) Side view of phantom up to this point of 
construction. 
 
The thickness of the neonatal chest simulation phantom, as determined from the 
constituents in the three-dimensional view in Figure 4.4 b.), was 51 mm.  After 
construction, actual measurement with a ruler gave a thickness of 53 mm.  
According to measurements in the Skills Laboratory at the Tygerberg Campus 
Medical Faculty, neonatal chest thickness was 70 mm.  The cylindrical object at the 
feet of the cadaver in Figure 3.1 a.) and b.)  had actual dimensions of 70 mm length 
and 28 mm diameter.  The measured results were 69.9 mm length and 27.6 mm 
diameter. 
 
The final product was used for dose and image quality analysis in the current study. 
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4.1.2 Radiological equivalence 
 
As discussed in the following sub sections, it was found that an in house 
manufactured Agar gel mix was the best substitute for neonatal muscle.  Gammex 
LN300 lung and Gammex solid water were selected for healthy and sick lung 
respectively and Gammex SB3 bone was selected for bony simulations.  The 
Gammex tissue equivalent plastics were manufactured by Gammex RMI© in the USA 
and were locally available from CM Nuclear Systems cc.  These materials were 
similar to a real neonatal chest in density, elemental composition or mass fraction by 
weight, total attenuation coefficient, Compton scatter coefficient and spectral 
weighted mass energy absorption characteristics, as Table 4.1, an overall 
comparison of all the possible substitute materials, shows.  Scoring was done based 
on the criteria in Table 3.1. 
 
Each of these criteria, i.e. density and elemental composition matching, attenuation 
and scatter coefficient matching, mass energy absorption coefficient matching and 
obtainability and cost, is discussed in sections 4.1.2.1 to 4.1.2.3 and 4.1.3. 
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4.1.2.1 Density and elemental composition matching 
 
The mass fraction by weight of the Agar gel mix was calculated from the 
chemical formulae of the constituent compounds, i.e. Agar C12H18O9, sucrose 
C12H22O11 and water H2O.  The mixture consisted of 4% Agar, 10% sucrose and 
86% water, with the assumption that 1 g equalled 1 cm3.  The calculation is included 
in Appendix B.  The calculated fractions were 0.0609 for carbon, 0.1051 for 
hydrogen and 0.8339 for oxygen.  These values are included in Table 4.2 for further 
calculations. 
 
The densities and elemental compositions of different possible substitute materials 
were obtained from literature6,46,47 and entered into Tables 4.2 and 4.3 for further 
calculations.  All the calculations that were based on elemental compositions, or 
mass fractions by weight, i.e. XCOM calculations, were performed using the data in 
Table 4.2.   
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Figure 4.6 shows the elemental composition data graphically, comparing substitute 
material and real tissue data.  It was done for body, bone, inflated lung and deflated 
lung.  The respective mass fractions are depicted on the y-axes and the different 
elements on the x-axes.   
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Figure 4.6: Elemental composition comparison of real neonatal tissues 
and possible substitute materials including a.) body (muscle), b.) bone, 
c.) inflated (healthy) lung and d.) deflated (sick) lung. 
 
 
The various substitute and real tissue densities are recorded in Table 4.3.  The 
densities of the possible substitute materials were normalised to that of the real 
neonatal tissue and the results are displayed in Figure 4.7. 
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Table 4.3: Density data of substitute and real materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Normalised density comparison for possible substitute materials to real 
neonatal tissues. 
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4.1.2.2 Attenuation and scatter coefficients 
 
The total attenuation and Compton scatter coefficients were calculated with 
the XCOM program.  The results are recorded in Tables 4.4 and 4.5. 
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The possible tissue substitute data in Table 4.4 were normalised to the values for 
real tissues and the results are graphically displayed in Figure 4.8. 
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Figure 4.8: Normalised total attenuation coefficient comparison of 
real neonatal tissues and possible substitute materials including a.) 
body (muscle), b.) bone, c.) inflated (healthy) lung and d.) deflated 
(sick) lung. 
 
 
Table 4.5 shows the Compton scatter coefficient data.  The data for the substitutes 
were normalised to that of real neonatal tissues by dividing by the real tissue values.  
The results are recorded in Figure 4.9. 
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Figure 4.9: Normalised Compton scatter coefficient comparison of real 
neonatal tissues and possible substitute materials including a.) body 
(muscle), b.) bone, c.) inflated (healthy) lung and d.) deflated (sick) 
lung. 
 
 
4.1.2.3 Mass energy absorption coefficients 
 
Mass energy absorption coefficients were calculated with the mixture rule, i.e. 
Equation 2.13.  For the calculation the fractions by weight, in Table 4.2, and mass 
energy absorption coefficients published for different elements by Hubbell and 
Seltzer38, as recorded in Table 4.6, were used.   
 
The validity of the mixture rule for such a calculation had to be proven.  By 
calculating the mass energy absorption coefficients for water, A150 and adipose 
tissue using the mixture rule, and comparing the calculated results with those 
published in literature, this was done.  The published values were obtained from 
Hubbell and Seltzer38.  These results are recorded in Table 4.7.  Table 4.7 shows the 
percentage difference between the mixture rule and published mass energy 
absorption coefficients, over a range of energies.   
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Table 4.6: Published elemental mass energy absorption coefficients (cm2/g)38. 
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Table 4.7: Validity of the mixture rule for compound mass energy absorption 
coefficient calculation. 
 
 
 
The mixture rule was then applied to the real neonatal tissues and possible 
substitute materials.  The results are tabulated in Table 4.8. 
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Table 4.8: Mass energy absorption coefficients (cm2/g) for real and substitute 
materials as calculated with the mixture rule. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The spectral weighted mass energy absorption coefficient determination program 
written by Mr EA de Kock37 was used to calculate a mass energy absorption 
coefficient, for each material in Table 4.8, weighted over a typical incident x-ray 
beam spectrum.  The program also has the ability to calculate spectral hardening 
due to muscle attenuation of the beam.  Such attenuated spectral weighted mass 
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energy absorption coefficients were calculated for 0, 1, 2, 3, 3.5, 4, 5, 6 and 7 cm 
muscle attenuator.  The spectral weighted mass energy absorption coefficient for the 
emission spectrum was equivalent to that with 0 cm muscle attenuation.  The results 
are recorded in Table 4.9.  
 
The spectral weighted mass energy absorption coefficients, in Table 4.9, for the 
possible substitute materials were normalised to that of the real neonatal tissues and 
the results are shown in Figure 4.10.  
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Figure 4.10: Normalised spectral weighted mass energy absorption 
coefficient comparison of real neonatal tissues and possible 
substitute materials including a.) body (muscle), b.) bone, c.) 
inflated (healthy) lung and d.) deflated (sick) lung. 
 
 
4.1.3 Obtainability and cost 
 
The possible substitute materials were evaluated on obtainability and cost.  It 
was very difficult to find any information on the manufacturing of Frigerio gel, RM/G1 
gel, Rossi gel, SB5, B110, Griffith lung and LN10/75 lung.  The basic properties of 
these substitutes were discussed in the ICRU 44 report.46  It was not possible to 
determine the cost for these materials. 
 
Gammex RMI© had a representative based in South Africa and the necessary 
information on the composition of the different substitute materials was readily 
obtained.  The different substitute materials could also be bought through the 
supplier at a quoted cost.  Different sizes and thicknesses of the materials were also 
available.  For the current study, one slab of each of Gammex SB3, Gammex LN300 
and Gammex solid water material were bought.  The slab size was 20 x 20 x 1 cm3.  
The cost for Gammex SB3 bone and Gammex LN300 lung was R6726 per slab, for 
Gammex solid water R4902 and for Gammex CT solid water R5472. 
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Agar could be obtained locally from Merck, WhiteSci or Sigma Aldrich at about 
R1700 per kilogram or R560 for 250 g.  
 
 
4.1.4 Validation of the phantom 
 
The neonatal chest simulation phantom was validated by obtaining the 
intensities and standard deviations in ROIs placed in muscle, bone, healthy and sick 
lung areas of images of the neonatal chest simulation phantom and an image of a 
real neonatal chest.  These values were compared.  Figure 4.11 shows these 
images which were obtained using the same exposure parameters, although 
different imaging units were used.  The results are shown in Table 4.10. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: a.) Real neonatal chest x-ray and b.) x-ray of neonatal chest 
simulation phantom used for phantom validation. 
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Table 4.10: Phantom validation data. 
 
 
 
4.2 The design of a physics image quality assessment phantom 
 
The physics image quality phantom designed for the quantitative analysis of 
image quality in the current study is shown schematically in Figure 3.6.  The work 
drawing for the physics image quality assessment phantom is included in Figure 
4.12.  These drawings were used to machine the inserts of the phantom and to 
construct the phantom. 
 
 
 
 
. 
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Figure 4.12: a.) AP and b.) three-dimensional views of the physics image quality 
assessment phantom. 
 
 
The phantom was used with the final set of exposures to quantify image quality 
physically. 
 
 
a.) 
b.) 
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4.3 Image quality analysis 
 
The results for quantitative image quality analysis for the final exposure set, 
as obtained with the physics image quality assessment phantom, are included in 
section 4.3.1 below.  The visual and quantitative image quality results for the 
neonatal chest simulation phantom, for the preliminary exposures, are included in 
Tables 4.13 to 4.19 in section 4.4.  The results of the final exposure set are recorded 
in Tables 4.20 and 4.21.  The comparative quantitative image quality rankings for the 
phantoms are recorded in Table 4.22.   
 
 
4.3.1 Evaluation of the physics image quality assessment phantom 
 
The MTFs were obtained from the ESF of the copper plate in the phantom 
and by using Equation 3.2 and the different diameter wires in the phantom.  Figure 
4.13 shows the obtained MTFs. 
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Figure 4.13: MTFs for the physics image quality phantom.  a.) MTFs obtained from 
the perspex holder with different diameter wires.  b.) Zoomed in version of Figure a.).  
c.) MTFs obtained from the ESF of the copper strip.  d.) Zoomed in version of Figure 
c.). 
 
 
Chapter 4 – Results 
0
50
100
150
200
250
300
0 10 20 30 40 50
M
TF
 
pixels/cm 
Image 1
Image2
Image 3
Image 4
Image 5
Image 6
Image 7
Image 8
Image 9
d.) 
0
200
400
600
800
1000
1200
0 10 20 30 40 50
M
TF
 
pixels/cm 
Image 1
Image2
Image 3
Image 4
Image 5
Image 6
Image 7
Image 8
Image 9
c.) 
Stellenbosch University  http://scholar.sun.ac.za
104 
 
The results for SNR, SDNR and CNR calculations are included in Table 4.11.  Table 
4.11 also shows the low contrast detectability results. 
 
All the quantitative image quality analysis results for the physics image quality 
assessment phantom were considered and the overall ranking of the physics image 
quality assessment phantom images for the final exposure set is included in Table 
4.11. 
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4.3.2 Neonatal chest simulation phantom evaluation 
 
Images of the neonatal chest simulation phantom were evaluated 
quantitatively and visually, as in Tables 4.13 to 4.19 in section 4.4, for the preliminary 
exposure sets.  Quantitative image quality and ESD results for the final exposure set 
are recorded in Table 4.20.  The data in Table 4.21 for the final exposure set were 
used to rank the images of the neonatal chest simulation phantom based on visual or 
clinical image quality, determined by independent medical physicists and 
radiographers. 
 
The final visual image quality ranking was compared to the quantitative image quality 
and absolute dose rankings, as in Table 4.12. 
 
 
Table 4.12: Final overall ranking. 
 
 
 
 
 
 
 
 
 
 
 
 
4.4 Dose reduction versus image quality 
 
Factors that influenced the ESD also influenced image quality.  These factors, 
focus size, kV, mAs, FFD, filtration and collimation, had to be used in combination 
with each other to achieve a decrease in ESD whilst maintaining acceptable clinical 
image quality.  To determine the combination in which these factors had to be used, 
preliminary exposures were made, based on trial and error, in a wide range as 
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suggested in different publications in literature.13,14,15,21,28  The results for the four 
sets of preliminary exposures which were made on a fixed x-ray unit at the Oncology 
Division at Tygerberg Academic Hospital are included in Tables 4.13 to 4.19.  These 
results were used to determine a set of exposures that were made on the mobile unit 
that was routinely used to x-ray neonatal chests.  The results for the final set of 
exposures are included in Tables 4.20 and 4.21.  In Table 4.22 the quantitative 
image quality rankings for the final set of exposures for the neonatal chest simulation 
phantom and those of the physics image quality assessment phantom were 
compared. 
 
 
Table 4.13: First preliminary exposure set results. 
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Table 4.18: Fourth preliminary exposure set results for raw images. 
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Table 4.19: Fourth preliminary exposure set results for processed images. 
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Table 4.21: Final exposure set visual image quality results. 
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Table 4.22: Comparison of quantitative image quality rankings for the neonatal chest 
simulation and physics image quality assessment phantoms for the final exposure 
set. 
 
 
 
 
 
 
 
 
 
 
 
4.5 Uncertainties in dose measurements 
 
The random uncertainty in the ESD measurements with the PTW Conny II 
detector was determined by repositioning the neonatal chest simulation phantom and 
detector repeatedly and measuring the dose for the same exposure factors.  The 
results are recorded in Table 4.23. 
 
 
Table 4.23: Random uncertainty in ESD measurements with PTW Conny II detector. 
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The systematic uncertainty in the calibration of the detector was 5%, obtained from 
the calibration certificate.  Using Equation 3.4 the total uncertainty in absolute dose 
measurement was 5%.   
 
 
4.6 Cancer induction risk calculation 
 
Cancer induction risk was calculated as the product of effective dose and 
published ICRP risk factors.  In the current study, entrance surface dose was 
measured and it was converted to effective dose using NRPB conversion coefficients 
from the published NRPB Report R262 tables.  Only chest AP x-rays were 
considered and the calculations were done for the final exposure set, as in Table 3.8.  
The results are tabulated in Table 4.24.  The risk per 1 000 000 of the population, for 
a single radiograph and the risk from an average of 15 radiographs, which was the 
average number of chest AP x-rays performed on a neonate during its stay in 
Tygerberg Academic Hospital, were calculated and recorded in Table 4.24.   
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Chapter 5 
Discussion 
             
 
 
The results of the phantom design and validation, image quality and dose 
assessment, possible dose reduction techniques and the effects of these on image 
quality and cancer induction risks are deliberated in this chapter.  Based on these 
results recommendations were made to the Diagnostic Radiology Division at 
Tygerberg Academic Hospital.   
 
 
5.1 The design of a neonatal chest simulation phantom 
 
One of the aims of the current study is to design and construct a neonatal 
chest simulation phantom that is as close as possible to an anatomical and 
radiological simulation of a real neonatal chest, as discussed in sections 5.1.1 and 
5.1.2. 
 
 
5.1.1 Anatomical equivalence 
 
Figure 4.1 shows a schematic version of the posterior ribs and vertebral 
column.  Compared with real neonatal posterior ribs the design of the phantom’s ribs 
is more rigid, geometrical and has sharper edges and points.  Limitations of the 
machining process made cutting soft, rounded edges impossible. 
 
The soft tissue areas were cut out of a slab of bone equivalent tissue substitute.  The 
cuts were made at different diameters and angles to account for differences in rib 
widths and for the sloping, or “Christmas tree” effect, of posterior ribs.  An edge of 
Stellenbosch University  http://scholar.sun.ac.za
119 
 
bony material was left around the posterior ribs, i.e. the soft tissue was not cut right 
through to the bony material, in order to add stability to the structure, which could 
easily break if the ribs were loose at the ends with no support.  The bony edge 
accounted for the increased density of the ribs in the areas where they curled up 
anteriorly.  It proved to be impossible to machine the anterior curl of the ribs. 
 
The flat section in the middle of the posterior ribs accounted for the transverse 
processes of the vertebrae which formed the posterior part of the spinal column.  
Because of machining limitations it was necessary to assume that transverse 
processes are a solid slab.  Although not a perfect anatomical replica of true 
posterior ribs, the general shape and size of the posterior ribs simulate that of real 
ribs fairly accurately.  
 
The vertebral column was designed to be a solid column of bone equivalent 
Gammex SB3 material.  Real vertebrae have gaps between the bony structures and 
are not all similar in size.  The spinal cord was not taken into account.  The 
postulation was again necessary to simplify machining of the structure.  The solid 
column accounted for the body and spinous processes of the vertebrae.   
 
The lungs were mirror images of each other.  The design, as in Figure 4.2, was 
again more rigid than real lungs, but machining was again a limiting factor.  The 
general shape and size of the lungs were simulations of real neonatal lungs.  The 
lung simulations had an elongated design laterally, to account for the inferior 
extension of the lungs posteriorly.  Real lungs do not have the same thickness 
throughout.  Differences in thickness were taken into consideration by making angled 
cuttings on the lateral part of the lung structures.          
 
It was assumed that anterior ribs are rectangular in shape.  These ribs and the 
sternal blocks are shown in Figure 4.3.  The ribs were again surrounded with a bony 
edge to account for the curling effect of the ribs anteriorly and to add support to the 
structure.  The ribs were assumed to be similar in length, which was calculated as an 
average length of the different ribs from the cadaver CT scan.  The anterior ribs 
structure consisted of a clavicle most superiorly, with 7 ribs following, as was seen 
on the CT scan of the neonatal cadaver.  The thickness of the ribs was 2 mm, 
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slightly thicker than that of an actual neonate but again, because of machining 
limitations, it was considered acceptable for the purposes of the current study. 
 
The sternum consisted of three sternal blocks.  These blocks were cubic in design, 
whereas real sternum segments are more spherical in shape but again, machining 
limitations necessitated simplification.  The blocks were 5, 3 and 2 cm3 respectively 
for the manubrium and two of the body segments.  At this early age the sternum is 
not solid and fused yet, as seen on the neonatal cadaver CT scan.  The separate 
sternal blocks mimicked this accurately. 
 
The chest circumference of the phantom, measured with a ruler, was 280 mm.  
According to Gray7 typical neonatal chest circumferences are about 330 mm.  
Various samples of phantoms were measured at the Skills Laboratory of Tygerberg 
Campus Medical Faculty and these chest circumferences were 280 - 350 mm. The 
chest length of these samples was 60 mm, i.e. from clavicle to last rib, and the chest 
thickness was 70 mm, i.e. anterior to posterior.  The chest length of the final 
neonatal chest simulation phantom was 61 mm and the thickness was 53 mm.  The 
thickness of the phantom chest, as determined from the sectional view of its 
constituent materials in Figure 4.4 b.), was 51 mm.  
 
The chest circumference of the simulation phantom was within the range obtained 
from the Skills Laboratory and about 15% smaller than that mentioned in literature.  
The age of the neonate considered influenced chest circumference to a great extent, 
and as this phantom was a simulation of a very small 7 month old preterm cadaver, 
the chest circumference of the phantom was indicative of neonates of this very 
young age.  The chest length of the simulation phantom was almost the same as that 
of the phantoms from the Skills Laboratory, although the simulation phantom’s chest 
thickness was 17 mm less.  When phantom chest thickness was considered it was 
seen that the phantom was constructed quite closely to the working drawings, as the 
actual phantom chest thickness was 2 mm more than that of the sectional working 
drawing in Figure 4.4 b.).  The chest circumference, length and thickness of the 
neonatal chest simulation phantom were therefore in good agreement with literature 
and samples in the Skills Laboratory.  These measurements showed that the 
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neonatal chest simulation phantom simulated a real neonatal chest in terms of chest 
size.  
 
By measuring the cylindrical object which had been placed at the feet of the cadaver,  
it was possible to establish that no scaling or magnification occurred with the scan 
and that the measurements, as obtained with the software tools on the CT scanner, 
were accurate and acceptable, with the largest deviation being 0.4 mm or 1.4%.  The 
deviation could be ascribed to difficulty in placing the start and end points of the 
measuring line on the exact edges of the cylinder, as the edges were substantially 
pixelated when the image was zoomed in. 
 
 
5.1.2 Radiological equivalence 
 
Table 4.1 shows that RM/G1 gel was the best substitute for newborn skeletal 
muscle.  Details about its construction were not readily obtainable, and its cost could 
not be determined.  Agar gel mix, which was second best according to the results of 
the analysis, was therefore used as body or muscle substitute in the current study.  
Agar is easily obtainable from a local supplier and not very expensive.  It is a liquid 
when heated and sets into a firm gel.  It is easy to mix and to pour around the 
anatomical structures of the phantom in layers.  The only drawback Agar has is that 
it is a growth medium for bacteria and fungi.  As a preventative measure, all 
structures, instruments and the finished phantom were thoroughly cleaned with 
Sporekill.  Although these measures had been followed meticulously, fungi still grew 
on the simulation phantom and the phantom had to be remade before the final set of 
exposures could be obtained.  
 
The overall results for the three bone substitute materials were very similar.  
Gammex SB3 is available from a local vendor, at a specified cost.  It was chosen as 
newborn cortical bone substitute material.  The construction and cost data for B110 
and SB5 could not be obtained.   
 
With foetal inflated or healthy lung, Griffith lung was the best substitute, with 
Gammex LN300 a close second option.  Obtainability and cost were again 
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determining factors.  The Gammex LN300 is available from a local vendor at a 
specified cost and was therefore used as substitute.   
 
For sick or foetal deflated lung Gammex solid water was the best choice in this case.  
Gammex CT solid water was comparable to Gammex solid water, and although both 
could be obtained from a local representative, Gammex solid water was R570 per 
slab less costly than Gammex CT solid water and was therefore selected as 
substitute material.   
 
The determinants leading to these conclusions are discussed in subsections 5.1.2.1 
to 5.1.2.3 and 5.1.3. 
 
 
5.1.2.1 Density and elemental composition matching 
 
The densities and elemental compositions, or mass fractions by weight, of the 
different real neonatal tissues and possible substitute materials were obtained from 
literature.6,46,47  In respect of the Agar gel mix these compositions were calculated as 
shown in Appendix B.  Main composition elements were hydrogen, carbon, nitrogen 
and oxygen.  Trace elements that were considered included calcium, sodium, 
chlorine, magnesium, titanium, zinc, potassium, sulphur, phosphorus, antimony and 
silicon.  In Figure 4.6 a.) and d.) a comparison is made between the elemental 
composition (on the y-axis) of each element (on the x-axis) of real neonatal tissue 
and possible substitute materials. 
 
Figure 4.6 a.) shows the comparison of elemental body composition.    Generally, all 
the possible substitute materials matched the composition of real muscle well, 
except for Polystyrene, Temex and Gammex solid water, which had a very high 
concentration of carbon and did not contain enough oxygen.  Agar gel mix was 0.1% 
by mass and 7.2% by mass richer in hydrogen and oxygen respectively and 4.2% by 
mass and 2.4% by mass poorer in carbon and nitrogen, compared to newborn 
skeletal muscle.  Differences of 0.1 - 0.2% by mass were seen in trace elements.  
Rossi gel was comparable to the Agar gel mix, with -0.6% by mass for hydrogen, 
+5.4% by mass for carbon, +1.2% by mass for nitrogen and -5.3% by mass for 
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oxygen.  Trace element differences were 0.1 - 0.2% by mass.  Frigerio gel performed 
better than Agar gel mix, as well as Rossi gel.  Compared with newborn skeletal 
muscle Frigerio gel was 0.4% by mass lower in hydrogen, 1.7% higher in carbon, 
1.6% higher in nitrogen, 2.9% lower in oxygen and 0.1 - 0.3% different in the trace 
elements.  The best performer was RM/G1 gel, which was 0.2 % and 0.9 % by mass 
poorer in hydrogen and carbon respectively, 1.2% by mass richer in oxygen and had 
the same concentration of nitrogen than newborn skeletal muscle.  Trace element 
differences were again 0.1 - 0.2% by mass.  It was found that Polystyrene, Temex 
and Gammex solid water were not acceptable substitutes for newborn skeletal 
muscle based on elemental composition.  The other possible substitutes were 
considered based on the elemental composition criterion, with RM/G1 gel being the 
best option, followed by Frigerio gel, Agar gel mix and Rossi gel. 
 
Bone elemental composition comparison is shown in Figure 4.6 b.).  Significant 
differences between the possible substitute materials and real neonatal cortical bone 
were seen in the case of carbon, with all substitutes having a higher concentration of 
carbon than real bone.  It was 15.3%, 21.1% and 16.1% by mass for SB5, B110 and 
SB3 respectively.  Differences were also seen in the case of oxygen, where the 
concentration in real bone was higher than in the substitutes.  With the oxygen 
concentration, Gammex SB3 performed better than B110, with -11.2% by mass 
compared to -42.9% by mass.  SB5 had the smallest oxygen difference of -8.8% by 
mass, compared to neonatal cortical bone.  B110 also contained fluorine, which was 
not present in neonatal cortical bone.  All the substitutes lacked phosphorus.  The 
hydrogen, nitrogen, calcium and trace element concentrations in the different 
substitute materials were comparable, with B110 performing slightly better here than 
SB3 and SB5.   These results showed that, based on elemental composition data, 
Gammex SB3 and SB5 were better substitutes than B110.  Gammex SB3 and SB5 
results were reasonably comparable with each other. 
 
The inflated or healthy lung results are shown in Figure 4.6 c.).  All the substitutes 
measured higher in carbon concentration than foetal inflated lung, i.e. by 53.2%, 
52.8% and 51.8% by mass for Griffith lung, LN10/75 and Gammex LN300.  Based 
on oxygen concentration LN10/75 and Gammex LN300 were comparable by 61.9% 
versus 61.6% by mass, respectively.  The oxygen concentration for Griffith lung was 
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54.4% by mass too low compared with foetal inflated lung.  LN10/75 and Gammex 
LN300 contained about 11.0% by mass magnesium and about 0.7% by mass silicon, 
while Griffith lung contained 2.1 % by mass calcium, which was not present in foetal 
inflated lung.  The hydrogen and trace element concentrations of the substitutes 
were comparable.  The concentration of nitrogen was similar for LN10/75 and 
Gammex LN300, 0.1% and 0.2% by mass respectively.  In the case of Griffith lung 
the nitrogen concentration of 2.4% was too high.  Griffith lung seemed to be a better 
match than LN10/75 and Gammex LN300 on elemental composition, and LN10/75 
and Gammex LN300 were comparable overall.   
 
Figure 4.6 d.) shows the comparison results of  elemental composition in deflated 
lung.  According to ICRU Report 4446 the elemental composition of inflated and 
deflated lung could be assumed to be the same, with differences in density only.46  
The carbon and oxygen contents of the substitute materials were significantly higher 
and lower respectively, compared with real foetal deflated lung.  The carbon 
concentrations were 84.7%, 59.7% and 59.6%  in the case of  Polystyrene, Gammex 
CT solid water and Gammex solid water respectively, and were considered too high 
compared to foetal deflated lung.  Gammex CT solid water and Gammex solid water 
were 59.3% by mass poorer in oxygen.  Polystyrene contained no oxygen, and was 
therefore not a good substitute for sick lung.  Hydrogen concentration was 
comparable in the case of these three substitutes.  Polystyrene was 1.8% by mass 
richer in nitrogen and Gammex CT solid water and Gammex solid water were 0.6% 
by mass poorer in nitrogen than foetal deflated lung.  The Gammex materials also 
contained calcium, which was not present in foetal deflated lung.  Differences of 0.1 - 
0.2% by mass existed in the trace elements.  The results showed little difference 
between Gammex CT solid water and Gammex solid water, which performed better 
than Polystyrene in the comparison.   
 
In the density comparison, Polystyrene proved to be a perfect match to newborn 
skeletal muscle.  Gammex solid water, with a density difference of 0.6% from 
newborn skeletal muscle, was also an option.  RM/G1 gel, 1.9% higher, and Temex, 
3.8% lower, were second best.  Rossi gel and Agar gel mix had comparable results, 
i.e. a density difference of 4.8% higher from newborn skeletal muscle.  Frigerio gel 
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performed worst in the density analysis, with a difference of 6.7% above newborn 
skeletal muscle.     
 
For newborn cortical bone substitute B110, Gammex SB3 and SB5 were ranked 
from best to worst based on the density criterion.  Here the density differences were 
4.1%, 5.8% and 8.7% higher respectively, compared with newborn cortical bone. 
 
Foetal inflated lung was accurately simulated by Griffith lung in density.  For the 
density comparison, Gammex LN300 and LN10/75 did not compare well with real 
foetal inflated lung, with densities higher by 15.4% and 19.2% respectively.  
Gammex LN300 had slightly better results than LN10/75. 
 
Polystyrene and Gammex solid water, with a density difference of 1.0% and 0.6% 
higher respectively than foetal deflated lung, were the best substitutes on a density 
analysis.  Gammex CT solid water was further from unity, i.e. -2.4%, but was also a 
possible substitute. 
 
 
5.1.2.2 Attenuation and scatter coefficients 
 
Image quality is influenced by attenuation and scatter coefficients.  The total 
attenuation coefficient takes into account coherent (Compton) and incoherent 
scatter, photoelectric absorption and pair production, although pair production does 
not occur in the energy range considered.  Between coherent or Compton scatter 
and incoherent scatter, the Compton scatter coefficients were largest, and the 
chance of Compton scatter occurring was greater than for incoherent scatter.  It 
implied that Compton scatter would have a greater influence on image quality and 
was therefore considered for analysis.   
 
The total attenuation and Compton scatter coefficients for the possible substitute 
data were normalised to that of real neonatal tissues.  A value of 1 therefore 
indicated a good match, as shown in Figures 4.8 and 4.9 a.) – d.) 
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Figure 4.8 a.) shows the results of the possible substitutes for newborn skeletal 
muscle or body.  RM/G1 gel, Gammex solid water, Agar gel mix and Frigerio gel all 
proved to be possible substitutes based on the criteria.  The largest deviations from 
unity for these substitutes were 0.2% at 10, 65 and 70 kV for RM/G1 gel, 2.8% at 10 
kV for Gammex solid water, 2.9% at 15 kV for Agar gel mix and 4.3% at 10 and 15 
kV for Frigerio gel.  Rossi gel and Temex performed poorer and Polystyrene was not 
an option based on attenuation data.   
 
The bone substitutes are evaluated in Figure 4.8 b.).  The substitutes were ranked, 
best to worst, as B110, Gammex SB3 and SB5, although all were reasonably 
comparable.  The total attenuation coefficients of the substitutes were all higher than 
that of newborn cortical bone, considered over the whole energy range, with the 
comparison being closer to unity at the higher energy end.  For Gammex SB3 the 
largest percentage difference from unity was 12.5% at 20 kV.  It was 12.9% at 20 kV 
for SB5 and 11.8% at 20 kV for B110.  
 
For healthy lung, LN10/75 and Gammex LN300 were comparable, as seen in Figure 
4.8 c.).  Gammex LN300 was slightly better than LN10/75, with a maximum deviation 
of 1.9% below unity at 65 and 70 kV.  The largest deviation from unity for LN10/75 
was 2.0% at 10, 65 ad 70 kV.  The total attenuation coefficient of Griffith lung was 
very low at 10 kV, 5.0% below unity. 
 
In Figure 4.8 d.) Polystyrene was not an option as a substitute for sick lung, based 
on total attenuation coefficient results.  Gammex solid water and Gammex CT solid 
water had very similar results, with Gammex solid water being 0.1% higher than 
Gammex CT solid water at 25 kV and Gammex CT solid water was 0.1% higher than 
Gammex solid water at 45 kV.  The largest difference from unity for Gammex CT 
solid water and Gammex solid water was 4.1% from unity at 10 kV. 
 
Although slightly above unity, with a maximum deviation of 0.1% over the energy 
range considered, Agar gel mix was the best substitute for a neonatal body, or 
newborn skeletal muscle, based on Compton scatter coefficients, as Figure 4.9 a.) 
indicates.  RM/G1gel, with the largest deviation of 0.3% from unity at 10, 15 and 20 
kV, Frigerio gel, with a maximum deviation of 0.5% at 10 kV, and Rossi gel, with 
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0.5% deviation from unity at 10 - 20 kV and 55 - 70 kV, were also possible 
substitutes.  Here Temex, Polystyrene and Gammex solid water did not show good 
results. 
 
The best substitute for bone was Gammex SB3.  In Figure 4.9 b.) the Gammex SB3 
substitute’s Compton scatter coefficients were below that of newborn cortical bone 
considered over the energy range, with the largest deviation being 0.8% at 10 and 
15 kV.  SB5 performed slightly better than B110 over the entire energy range in the 
comparison, although its maximum deviation of 2.3% at 10 kV was larger than the 
2.0% at 10 kV of B110. 
 
Inflated lung was best matched by Griffith lung, with Gammex LN300 and LN10/75 
following, as seen in Figure 4.9 c.).  These three substitutes were comparable with 
each other to a high degree regarding the calculated Compton scatter coefficients, 
but they all deviated from unity.  Griffith lung’s coefficients were slightly closer to 
unity at 10 - 25 kV.  Its largest deviation was 2.1% from unity at 10 kV and 60 - 70 
kV.  It was slightly further from unity at 60, 65 and 70 kV, compared with Gammex 
LN300 and LN10/75.  The biggest difference in Compton scatter coefficient between 
Gammex LN300 and foetal inflated lung was at 10 kV, a 2.6% difference.  LN10/75 
had a maximum deviation at 10 kV of 2.7% from unity. 
 
Figure 4.9 d.) shows that Polystyrene was the best match to foetal deflated lung on a 
Compton scatter coefficient comparison, being closer to unity at lower energies.  All 
three of the possible substitutes differed from foetal deflated lung in the criteria, with 
the most substantial deviation from unity of 2.1% at 65 and 70 kV.   
 
 
5.1.2.3 Mass energy absorption coefficients. 
 
The mass energy absorption coefficient influences dosimetry by serving as an 
indication of the absorption of radiation dose at different energies.  In this thesis this 
coefficient was calculated by applying the mixture rule, using published data.  By 
weighing these energy specific results over a typical incident x-ray spectrum, a 
single value for a spectral weighted mass energy absorption coefficient was obtained 
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using the program written by Mr EA de Kock37.  This was essential since an incident 
x-ray beam consisted of a range of different energy photons.   
 
Using the program, it was also possible to determine the spectral weighted mass 
energy absorption coefficients at different depths, i.e. for different thicknesses of 
muscle attenuator in the path of the incident beam or emission spectrum.  These 
depth specific results showed how the spectral weighted mass energy absorption 
coefficient changed with depth, i.e. how dose was absorbed at different depths, and 
aided towards a more realistic comparison of possible substitute materials and real 
tissues.   
 
The foundation of these calculations was the mixture rule, as in Equation 2.13, which 
was proven to hold for calculations of the mass energy absorption coefficient of a 
compound based on its elemental composition.  The rule was applied to water, A150 
and adipose tissue and the results were compared to published values of mass 
energy absorption coefficients obtained from Hubbel and Seltzer38.  For water, the 
largest found difference was 0.06% at 15 kV, for A150 the largest difference of 
1.30% occurred at 30 kV and for adipose tissue the difference was 0.04% at 3 kV, as 
shown in Table 4.7. 
 
The average deviation from newborn skeletal muscle was calculated over all the 
different thicknesses of muscle attenuator considered.  In Figure 4.10 a.) it was seen 
that RM/G1 gel was an accurate simulator of newborn muscle with regard to the 
mass energy absorption coefficient.  Temex, with an average deviation of 2.0%, was 
better than Agar gel mix, with an average difference of 4.3%, at greater thicknesses 
of attenuating muscle.  Frigerio gel, 5.0% on average below newborn skeletal 
muscle, was also a good simulator.  The average results for Rossi gel, 11.0% 
deviation, was preceded by 8.6% average difference of Gammex solid water, with 
Gammex solid water being above and Rossi gel below unity.  Polystyrene was not 
suitable as muscle substitute with mass energy absorption coefficient as criterion.   
 
The mass energy absorption coefficient results for the bone substitutes were all 
higher than that of newborn cortical bone.  Although these substitutes were 
comparable with the criteria, B110 performed slightly better than Gammex SB3 and 
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SB5 performed worst.  The average deviations from newborn cortical bone, over the 
different thicknesses of attenuating muscle considered, were 13.2%, 14.1% and 
14.3% for B110, Gammex SB3 and SB5 respectively. These results are obtained 
from the analysis of Figure 4.10 b.).   
 
Figure 4.10 c.) shows that Griffith lung best simulated the mass energy absorption 
coefficient of the foetal inflated lung.  The average error for the substitute was 5.1% 
across the muscle attenuator thickness range considered.  The coefficients for 
LN10/75 and Gammex LN300 were much higher than that of real healthy lung.  Here 
LN10/75 performed slightly better than Gammex LN300, which differed by 59.1% on 
average from foetal inflated or healthy lung.  The average deviation of LN10/75 was 
53.2%. 
 
Gammex CT solid water and Gammex solid water showed exactly the same results 
for sick lung absorption coefficient simulation, i.e. an average difference of 7.5% 
above that of foetal deflated lung.  Polystyrene was not an acceptable substitute 
according to the criteria, having an average deviation of 57.2%, as is seen in Figure 
4.10 d.). 
 
 
5.1.3 Obtainability and cost 
 
Details on the production of many of the possible substitutes mentioned in 
literature were not available, but it was possible to obtain composition data and costs 
details from the Gammex representative in South Africa.  The Gammex materials 
were readily available for import, with delivery within 4 - 6 weeks after ordering.  For 
the neonatal chest simulation phantom, Gammex SB3 bone, Gammex LN300 lung 
and Gammex solid water were procured.  Agar was easily obtainable from the 
vendors mentioned in section 4.1.3, as it was used as a biological growth medium for 
bacteria and fungi.   
 
iThemba LABS collaborated on the project by assisting in the design and 
manufacture of the phantoms.  The CT scan of the neonatal cadaver was performed 
at iThemba LABS.  All perspex, torlon, high density polyethylene and wires needed 
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for the neonatal chest simulation and physics image quality assessment phantoms 
were supplied by iThemba LABS.  The machining of the different neonatal anatomy 
structures was also done by iThemba LABS.  The Agar used in the preparation of 
the Agar gel mix was supplied by the radiation biology department at iThemba LABS.  
All the products used and the work done as mentioned above were provided and 
done free of charge.  The staff of iThemba LABS further contributed to this project by 
offering their time and expertise. 
 
 
5.1.4 Validation of phantom 
 
The results in Table 4.10 show that the average intensities in the ROIs in the 
neonatal chest simulation phantom were larger than those in the real neonate, while 
the average standard deviations were smaller.  The smaller standard deviations 
were indicative of a more uniform material.  This was expected since a real neonate 
was quite inhomogeneous, as seen from Figure 4.11, and the simulation phantom 
materials were completely homogeneous, with no density differences in different 
areas.  The neonatal chest simulation phantom did not account for any 
inhomogeneities which exist in a real neonatal chest.   
 
A difference of 33.7% was found between real neonatal muscle and Agar gel mix.  It 
was noted that the average standard deviation of Agar gel mix was lower than that of 
real neonatal muscle, as Agar gel mix was a homogeneous mixture.  Skin folds and 
tissue inhomogeneities, as seen on a real neonate, were not present in the phantom.  
A real neonate’s thickness was also not the same over the extent of the chest, i.e. it 
was not a rectangular block like the simulation phantom, it was therefore possible 
that the areas used for measurements were not made up of the same thickness of 
muscle as those used in the phantom, which would influence the measurements.  It 
was very difficult to find an area in the real neonatal image that was made up of 
muscle only.  Most real tissue or muscle areas were over- or underlain by other 
structures.  Uniform Agar gel mix areas were present in the phantom.   
 
For the bone comparison, ROIs were drawn in the ribs and not in the vertebrae, as 
was done with the neonatal chest simulation phantom for image quality analysis in 
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section 4.4.  The vertebral column of the phantom was a solid slab of bone 
equivalent material, according to the simplifying assumption.  Real neonatal 
vertebrae were separate structures and housed a spinal cord.  It was therefore 
expected that there would be a difference in measurements of the vertebral area 
between the phantom and a real neonate.  A difference of 28.2% was found.  The 
phantom was constructed of a solid bone equivalent material, whereas real bone did 
not have the same density all over.  It was confirmed by the significantly smaller 
standard deviation in the phantom measurements, i.e. the phantom material was 
completely homogeneous.  The phantom also assumed a fixed thickness for ribs, i.e. 
2 mm, but the thickness of real neonatal ribs were not constant everywhere.  The 
thickness of the area in the ROI and the material above and below the area also 
influenced the obtained measurements.   
 
The largest deviation, 45.0%, was seen in healthy lung.  The homogeneity of the 
substitute material was again confirmed by the smaller standard deviation.  Real 
neonatal lung did not have an almost even grey scale value, as was the case with 
the healthy lung in the simulation phantom. It was difficult to place the ROIs in areas 
that were uniform.  These non-uniformities are apparent in Figure 4.11.   
 
The smallest difference was shown in sick or deflated lung, i.e. 23.2%.  The sick lung 
in the neonatal chest simulation phantom simulated a completely collapsed lung.  
The sick lung in the real image was not complete since “white lung” areas were still 
aerated, therefore it was again difficult to find uniform sick lung areas for the 
analysis.  In the case of the phantom it was also assumed that the healthy and sick 
lungs had the same thickness throughout, although real lung thicknesses varied over 
the area of the lung.  There were therefore uncertainties in the thickness of the areas 
used for the ROI analysis. 
 
 In the case of real neonates, variable density and thickness of the different 
structures, different over- and underlying materials around the structures and non-
uniformities in the different organs and structures existed.  These were not present in 
the neonatal chest simulation phantom, which was much more uniform with regard to 
organ and structure size, shape, density and composition, because of simplifying 
geometrical assumptions for easier phantom design.  The images of the real neonate 
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and the simulation phantom were also not acquired on the same imaging unit, using 
the same imaging cassettes, which could also influence the obtained measurements.  
The neonatal chest simulation phantom was an approximation of a real neonatal 
chest, and taking these complicating factors into account, an overall deviation of 
32.5% from a real neonate was deemed acceptable for the current study.  The 
phantom was still a better simulation of a neonatal chest than most of the options 
discussed in literature in section 2.4.     
 
 
5.2 The design of a physics image quality assessment phantom 
 
The designed physics image quality assessment phantom enabled 
quantification of image quality on non-clinical phantom components.  These 
components are torlon and high density polyethylene disks of different thicknesses, 
for low contrast detectability and SNR, SDNR and CNR calculations, a copper plate 
for obtaining a MTF from an ESF of the plate, and a perspex holder with wires of 
different diameters, for MTF calculation.  The calculations done in respect of the 
phantom for the final exposure set are discussed in section 5.3.1. 
 
 
5.3 Image quality analysis 
 
The quantitative image quality results for the neonatal chest simulation and 
physics image quality assessment phantoms for the final set of exposures were 
compared and the obtained images were ranked best to worst.  Ranking of visual 
image quality regarding the neonatal chest simulation phantom for the final exposure 
set was done by independent medical physicists and radiographers.  Quantitative 
and visual rankings were compared for the neonatal chest simulation phantom, and 
overall image quality was compared to the ESDs delivered in obtaining the images.  
These results are discussed in sections 5.3.1 and 5.3.2 below. 
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5.3.1 Evaluation of the physics image quality assessment phantom 
  
The MTFs were calculated using two methods for the images of the physics 
image quality assessment phantom in the final exposure set.  Figure 4.13 shows the 
results.  In this figure high frequencies i.e. larger values for line pairs per millimetre 
(lppmm) or pixels per centimetre (pixels/cm) represent smaller objects and vice 
versa. 
 
Figure 4.13 a.) and b.) show the results using the resolution wires and Equation 3.2.  
It was found that image 4 had the best resolution as it had the highest MTF value at 
5 lppmm.  This was followed by images 5 and 3.  The results for images 6, 7, 8, 1 
and 9 were comparable at 5 lppmm and the resolution of these images were poorer 
than that of images 4, 5, 3 and 2 overall.  It showed that small objects were best 
visualised in images 4, 5 and 3.  The graphs of images 4 and 5 were overall 
comparable, image 4 being slightly better than image 5.  In these images small 
objects of high frequencies could still be seen well.  Image 3 also had good 
resolution, but small objects were not as clear as in images 4 and 5.  Overall the 
graph was also below that of images 4 and 5, therefore the resolution of image 3 
was poorer than that of images 4 and 5.  With image 2 a sharp drop off in MTF was 
not seen as the frequency increased, i.e. the graph was more gradual with a smaller 
difference in the visibility of large and small objects.  It was also seen in images 6, 1, 
7, 8 and 9, where large objects were not much more visible than small objects.  
Image 4 is a raw image obtained with 61 kV, 0.8 mAs and inherent filtration and it 
had the best resolution. 
 
Figure 4.13 c.) and d.) show the results for MTF calculation with the Fourier Analysis 
tool in Microsoft Excel.  Image 3 had the best resolution for large objects, as is seen 
in Figure 4.13 c.).  Large object resolution was also acceptable in the case of images 
5, 4 and 2, image 6 following.  The large object resolution was comparable for 
images 7 and 8 and for images 1 and 9, which had the lowest resolution for large 
objects.  A substantial difference was seen in the visibility of large and small objects 
in image 3.  At 5 pixels/cm images 3, 4 and 5 were comparable in resolution and at 
lower frequencies, 10 - 50 pixels/cm, image 4 was generally better than image 5.  In 
Figure 4.13 d.) it is seen that image 4 was the best at high frequencies, i.e. had the 
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best visualisation of small objects.  Here the results for images 3 and 5 were 
comparable.  The resolution of image 2 was poorer than that of images 3, 4 and 5, 
but better overall than the resolution of images 6, 7, 8, 1 and 9.  The figure shows 
that the resolution for images 7, 8, 9 and 1 were comparable at high frequencies, 
with images 6 and 2 being slightly better here.  Images 1 and 9 had the poorest 
resolution overall.  Large and small objects were not distinctly visible, i.e. the ratio 
between low and high frequencies was smaller.  From these results image 4 again 
had the best resolution overall, although that of image 3 was higher at low 
frequencies. 
 
When the results from the two methods of MTF determination were compared, 
similar trends were observed.  For the resolution wire method the images were 
ranked, from best to worst overall resolution, as image 4, 5, 3, 2, 6, 1, 7, 8 and 9.  
For the Fourier Analysis method the ranking was image 4, 3, 5, 2, 6, 7, 8, 1 and 9.  
With both methods of MTF calculation, images 4 and 9 had the best and worst 
resolution respectively.   
 
The results showed that the MTF resolution was better for raw images than for 
processed images.  Images 4, 5, 3 and 2 were raw images.  It was expected as the 
raw images had no image processing or smoothing, therefore small differences in 
pixel values were more obvious.  The processed images with additional filtration of 
0.1 mm Cu + 1 mm Al, i.e. images 6, 7, and 8, performed better than the processed 
images with inherent filtration only, i.e. images 1 and 9.   
 
The results shown in Table 4.11 were used to rank the images of the physics image 
quality assessment phantom from best to worst based on the quantitative analysis 
results.   
 
The best ranked image was image 1, i.e. the image obtained with the standard 
exposure factors.  In this image the thinnest disks, 3 mm, of torlon and high density 
polyethylene were seen.  It also had the highest SDNR for torlon, 2.3, and high 
density polyethylene, 7.3.  The SNR for torlon, 86.9, and high density polyethylene, 
80.3, were also acceptable, although not the highest values. 
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Image 7 was ranked second.  It had the best SNR values for torlon, 94.6, and high 
density polyethylene, 92.5.  Although these values were better than that of the image 
ranked first, the other criteria measured image 7 worse than image 1.  With image 7 
the signals for torlon and Agar were almost the same, thus the SDNR for torlon was 
not high.  It also influenced the low contrast detectability of the torlon disks, therefore 
the thinnest disk seen was 4 mm for torlon and 5 mm for high density polyethylene.  
It was attributed to the image being a processed image, which underwent inherent 
image processing on readout, i.e. the image was smoothed.  The SDNR for high 
density polyethylene of the image was comparable to that of most of the other 
images. 
 
Image 9 was placed third.  The SNRs for torlon and high density polyethylene, 78.5 
and 75.5, were lower than that of the image that was ranked fourth, i.e. 83.9 and 
85.2 for SNR torlon and high density polyethylene respectively, but the 4 mm torlon 
disk was visible in the image.  The SDNR for torlon, 1.1, was better than that of the 
fourth image although the SDNR for high density polyethylene was comparable.  
 
Image 8 was ranked fourth.  The SNRs for torlon and high density polyethylene of 
the image was comparable to that of the image ranked first, but the low contrast 
detectability of the image was only 5 mm torlon and high density polyethylene disks.  
The SDNR for high density polyethylene of image 8 was comparable to that of image 
7, which was ranked second, but the SDNR for torlon was poorer, i.e. 0.1.  The 
signals in the ROIs in Agar gel mix and torlon disks were almost the same as a result 
of the image being processed and smoothed.  It was also the reason for the thinner 
torlon disks not being visible in the Agar gel mix. 
 
Image 6 was ranked fifth.  The SDNR for torlon shown in the image was 2.6.  It was 
better than that of the images ranked second to fourth, but its SDNR for high density 
polyethylene was poorer than that of these images, i.e. a value of only 0.1.  The 
SNRs for torlon and high density polyethylene, 60.7 and 54.4 respectively, were also 
lower than that of the higher ranked images.  The 5 mm disks were seen with low 
contrast detectability.   
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The processed images were shown to be better than the raw images in the analysis, 
which was attributed to the large standard deviation or noise levels in the ROIs used 
for analysing raw images.  As these images did not undergo inherent image 
processing or smoothing more obvious differences were seen between the signals in 
the ROIs in the different structures, but these were accompanied by larger noise 
values.   
 
Image 3 was ranked sixth.  The low contrast detectability for torlon was 3 mm but the 
SNRs for torlon and high density polyethylene were low, due to large noise values in 
the raw image ROIs.  Significant differences were seen between the signals of high 
density polyethylene and Agar gel mix, which explains the higher value for SDNR for 
high density polyethylene of 5.0.  Although this was the second best SDNR value for 
high density polyethylene, the SNRs for torlon and high density polyethylene were 
much poorer than those of some of the other exposures and therefore the image 
could not rank better.  The value for SDNR for torlon was not high, although a 
substantial difference was seen between the signals for torlon and Agar gel mix, 
which explained why thinner torlon disks were visible, but the large noise values of 
the raw image suppressed the effect and reduced the SDNR for torlon.  
 
Image 2 was ranked seventh.  The 4 mm torlon disk was visible, which was better 
than the results for the images ranked fourth and fifth, but the SNRs for torlon and 
high density polyethylene for the image was much lower.  The SDNR for torlon was 
comparable to that of the image ranked sixth, i.e. 2.0 versus 1.8, but the SDNR for 
high density polyethylene was worse, 4.1 versus 5.0.  The SNRs for torlon and high 
density polyethylene were also comparable to that of the sixth ranked image, but the 
low contrast detectability for torlon in the sixth image was 3 mm and for image 2 it 
was 4 mm.  The large standard deviations or noise values were again seen and 
accounted for the smaller ratios. 
 
The eighth ranking position was image 5.  For low contrast detectability 4 mm torlon 
and 5 mm high density polyethylene were seen, which were the same as for image 2 
that ranked seventh.  Compared with image 2, the SNRs for torlon and high density 
polyethylene were lower for image 5.  For image 2 these values were 24.7 and 22.6 
for torlon and high density polyethylene respectively and for image 5 these were 21.5 
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and 18.4.  The SDNRs for torlon and high density polyethylene in this image were 
also slightly poorer than that of the seventh ranked image.  Differences in signals 
between Agar gel mix, torlon and high density polyethylene were again seen, but 
these were shadowed by the larger noise values inherent in the raw image.   
 
The worst image quantitatively for the physics image quality assessment phantom 
was image 4.  It was ranked ninth.  Similar to the images ranked seventh and eighth, 
low contrast detectability was 4 mm for torlon.  However, it had the highest noise 
levels of all the raw images and therefore the poorest SNRs for torlon and high 
density polyethylene, i.e. 17.9 and 14.1 respectively.  The SDNRs for torlon and high 
density polyethylene were comparable to that of the eighth ranked image.   
 
Quantitative image quality ranking best to worst was therefore image 1, 7, 9, 8, 6, 3, 
2, 5 and 4. 
 
The rankings of the images, based on MTF analysis and quantitative image quality, 
were compared.  The images that had better resolution, i.e. images 4, 5, 3 and 2, 
were raw images.  Images 1, 7, 9 and 8 were better images quantitatively.  These 
were processed images.  The processed images did not have good resolution, with 
images 1, 7, 8 and 9 having the poorest MTF results for both methods of calculation.  
Images 4, 5, 3 and 2 were the lowest ranked quantitatively.  Only image 6 had the 
same ranking position for MTF and quantitative image quality, owing to the result of 
smoothing which has the effect of reducing pixel difference between neighbouring 
regions in an image.  Therefore the MTFs for these images did not have large ratios 
between low- and high frequency MTF values.  Image smoothing also decreased the 
noise levels in ROIs used for quantitative image quality analysis, which resulted in 
larger SNRs and SDNRs.  In the case of the raw images, smoothing did not occur, 
therefore small differences in neighbouring pixel values were more apparent, with 
higher noise levels in ROI analysis.  The result was smaller SNRs and SDNRs and 
therefore poorer quantitative image quality.  
 
The physics image quality assessment phantom images for the final exposure set 
were ranked best to worst 4, 5, 3, 2, 6, 1, 7, 8 and 9, based on MTF calculation using 
Equation 3.2.  The ranking positions were image 4, 3, 5, 2, 6, 7, 8, 1 and 9, based on 
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MTF calculation from the ESF of the copper plate.  Quantitative image quality 
analysis ranked the images 1, 7, 9, 8, 6, 3, 2, 5 and 4. 
 
 
5.3.2 Neonatal chest simulation phantom evaluation 
 
The results for the preliminary exposure sets for the neonatal chest simulation 
phantom are discussed in sections 5.4.1 to 5.4.4.  The final exposure set results are 
discussed in section 5.4.5, and an overall comparison of visual and quantitative 
image quality and delivered ESD set out in Table 4.12.  The final exposure set 
results for the physics image quality assessment phantom are given in section 5.3.1. 
 
The aim of the current study is to reduce the delivered radiation dose (ESD) per 
radiograph while maintaining acceptable clinical (or visual) image quality, as well as 
considering cancer induction risks.  Visual or clinical image quality is deemed more 
important than quantitative image quality, as radiographs of real neonates are 
visually investigated in Tygerberg Academic Hospital.  
  
Table 4.12 is an overall comparison and ranking of the images obtained in the final 
exposure set for the neonatal chest simulation phantom.  It considers the delivered 
ESD, the visual or clinical image quality, as averaged from the scores of eleven 
independent medical physicists and radiographers, and the quantitative image 
quality as calculated by the principal investigator.   
 
It was possible to obtain an image that was visually poor and quantitatively 
acceptable, such as image 1 which was ranked eighth for visual image quality and 
second for quantitative image quality.  The opposite was also possible, for example 
image 2, which was visually satisfactory and ranked third, but quantitatively poor, 
therefore ranked ninth.  Some of the quantitative results were acceptable as the 
signal differences between ROIs were large, but this could imply a black lung for 
example, making the image visually unacceptable.  In Table 4.12 no correspondence 
between visual and quantitative image quality rankings was seen. 
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Acquiring images by way of additional filtration was problematic.  Additional filtration 
was not available on the mobile units used routinely to image neonates at Tygerberg 
Academic Hospital.  To produce such an exposure radiographers will have to fix 
filtration plates to the exit window after the neonate is set up and before the 
exposure is made, as the plates block the light field that is used for setup and 
centring.  Since these small patients cannot stay perfectly immobile retakes often 
need to be done, in this way dishonouring the ALARA principle.  A solution would be 
if only experienced radiographers are allowed to image neonatal patients.  Another 
option is to buy the filter assembly for the units used routinely for imaging of 
neonates.  The assembly fits onto the x-ray unit and does not obstruct the light field. 
When new mobile units are procured for the neonatal division, specifications can be 
written for the acquisition of a commercially available mobile unit, which is fitted with 
additional filtration on a selection dial.   
 
Another problem was obtaining image in raw mode, since the default acquisition 
method with image plate readout produced processed images.  To obtain raw 
images radiographers are compelled to perform an extra step at readout of the 
imaging plate, i.e. the selection of the raw processing mode, UM Chest Paediatrics.  
The option is available on the readout computer screen.  Simple instructions and a 
demonstration will be sufficient to achieve this. 
 
All three the criteria were considered, i.e. ESD, visual and quantitative image quality, 
to rank the images overall. 
 
Image 6 was the best image overall.  It had the largest ESD reduction from the 
standard exposure, i.e. ranked first on dose, and was the best image quantitatively.  
However, it was ranked only sixth for visual image quality.   
 
Image 7 was second.  It was the best image visually, ranked fourth quantitatively and 
still had a significant ESD reduction of about 40% from the standard exposure, i.e. 
image 1.   
 
Image 3 was third.  Visually it was ranked second, on dose it was ranked third and 
quantitatively it was sixth.  The image had a satisfactory clinical image quality, better 
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than that of the standard exposure image, at a significantly reduced dose, but 
quantitatively it did not perform well.  Considering all three criteria the image was not 
a good option, but based on dose and clinical image quality only, it was acceptable. 
 
The fourth position overall, based on all three criteria, was image 8.  It had a dose 
reduction of about 56% from the standard exposure and ranked fifth for visual and 
quantitative image quality. 
 
Image 2 was ranked fifth.  It had the second largest ESD reduction and third best 
visual image quality, but as its quantitative image quality was ranked worst its overall 
ranking was poor.  However, considering ESD and visual image quality only, the 
image was one of the best options.   
 
Image 5 was ranked sixth.  It was rated average according to all three criteria, i.e. 
ranked fifth on ESD, fourth on visual image quality and seventh on quantitative 
image quality.   
 
Image 9 was ranked seventh.  Although it had a third ranking quantitatively, it was 
visually the poorest image and ranked fourth on dose.  It was therefore expected that 
such an image would not be optimal, based on the poor clinical image quality, and 
overall should have a very poor rank.   
 
The standard exposure image, image 1, was ranked eighth overall.  It was an 
acceptable image quantitatively, ranked second, but ranked only eighth on visual 
image quality and had the highest ESD.  This image would therefore be the worst 
overall, i.e. it was obtained at a high ESD and had a poor visual image quality.   
 
The analysis ranked image 4 ninth.  It had a dose ranking of fourth, but visually and 
quantitatively it was not acceptable, being ranked seventh and eighth respectively.  
However, due to its ESD reduction from the standard exposure of about 41%, it was 
expected to rank better overall than the standard exposure image, i.e. image 1.   
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Considering all three criteria, i.e. measured ESD, visual or clinical image quality and 
quantitative image quality, the ranking of the images, from best to worst was Image 
6, 7, 3, 8, 2, 5, 9, 1 and 4. 
 
These results illustrated clearly that visual image quality and ESD reduction were 
more important than quantitative image quality in determining the overall ranking of 
the images in the final exposure set.  The overall ranking positions in Table 4.12 
were therefore determined in this way, i.e. giving more importance to ESD reduction 
and visual image quality maintenance than to good quantitative image quality results. 
 
Another analysis focusing primarily on ESD and visual image quality was done. 
 
This analysis illustrated that the overall best image was Image 3.  This image was 
obtained at an ESD of 3.7 µGy higher than Image 2, but it had the second best visual 
image quality.  The slight increase in ESD was justified by the improvement in visual 
image quality, as the ESD was still about 48% less than that of the standard 
exposure.  Its visual image quality was also higher than that of the standard 
exposure, as seen in Figure 5.10 a.) and c.) on page 184.  Image 3 was acquired 
with 0.1 mm Cu + 1 mm Al additional filtration at 64 kV and 2 mAs and it was a raw 
image.  The image was acquired at a higher kV than was used for routine exposures 
on neonates in Tygerberg Academic Hospital.  It had no image processing, which 
meant the image was not smoothed.  Small differences in image grey scales were 
therefore perceivable.  However, it also increased image noise, or ROI standard 
deviations, but the effect was not unacceptably large.  The identified problems 
regarding additional filtration and raw image mode were applicable in the case of this 
image. 
 
Image 2 was ranked second overall.  It was ranked second on dose and third on 
visual image quality.  It was a raw image, acquired at 60 kV, 2 mAs and with 
additional filtration.  Its kV was also higher than that of the standard exposure, but 
lower than that of Image 3.  It explained the slight reduction in image quality, as 
fewer photons were available to contribute to image formation.  The exposure 
therefore had the same acquisition and readout concerns as Image 3. 
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Overall, Image 7 was third best.  This image was the best visually, as seen in Figure 
5.10 g.) on page 185.  Its ESD was about 40% less than that of the standard 
exposure.  It still showed a significant ESD reduction, although the image ranked 
only fifth on ESD.  The higher ESD was justified by the high visual image quality, 
which was not only maintained, but also an improvement on the exposure protocol 
routinely used at Tygerberg Academic Hospital.  The image was acquired with the 
additional filtration, posing the same acquisition challenges, but it was obtained as a 
processed image and therefore needed no intervention in the readout process. 
 
Images 6 and 8 were ranked fourth and fifth overall respectively.  Image 6 had the 
lowest ESD, about 63% less than that of the standard exposure.  Visually it was 
ranked sixth.  Image 8 was ranked second on dose and fifth on visual image quality.  
The lower ESD of Image 6 at a comparable overall visual image quality, compared 
with Image 8, made it a better option.  Both these images were processed with no 
changes required on the readout process.  Image 8 was acquired at a higher kV than 
Image 6, which explained its slightly higher visual image quality, i.e. a higher kV 
increased x-ray beam quality, therefore it had better penetration and beam quantity, 
i.e. the number of photons available for image formation.  Both of these images were 
obtained with added additional copper and aluminium filtration, and therefore 
required extra steps in image acquisition, as discussed previously.   
 
Image 5 was ranked sixth.  It had a dose ranking of fifth and a visual image quality 
ranking of fourth.  Image 7, which was the third best image overall, also had a dose 
ranking of fifth, i.e. images were acquired with the same exposure factors, but 
different readout techniques were used, therefore its visual image quality ranking 
position differed.  Image 5 was better than the ranking of fourth for dose and seventh 
for visual image quality of Image 4.  Image 4 was ranked seventh overall.  Images 4 
and 5 were raw images obtained with inherent filtration.  Readout intervention was 
therefore required to obtain the images, but additional filtration was not needed and 
image acquisition could be done as usual.  Image 5 was obtained at a slightly higher 
kV than Image 4.  The higher kV again gave improved image quality, due to the 
increase in the number of photons and energy of the x-ray beam.  Both these images 
were obtained at higher kV and lower mAs setting than used routinely for neonatal 
chest x-rays in Tygerberg Academic Hospital.   
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Image 9 was ranked fourth on dose, similar to Image 4, since it was obtained with 
the same exposure factors, but it had the lowest visual image quality ranking, 
therefore overall it was ranked eighth.  The image was processed, therefore 
smoothed, and at the reduced mAs of 0.8 mAs, compared with 2 mAs for the 
standard exposure, it reduced the image quality although the kV was increased.   
The image did not require additional filtration or readout intervention and was 
obtained as routinely done at Tygerberg Academic Hospital.  Exposure of Image 9 
would have been a feasible option if it were possible to fit a copper and aluminium 
plate to the exit window of the mobile x-ray unit without leading to retakes.  This 
option also implied that mobile units were to be assembled with filters or, new units 
with filters on a selection dial were to be bought, which would incur substantial 
financial costs.  Its visual image quality was comparable to that of the standard 
exposure image, Image 1, with an overall averaged observer score of 11 for both of 
these images, and it was obtained at an ESD of about 41% less than image 1.  It 
was therefore still within the aim of the current study of ESD reduction while 
maintaining image quality. 
 
Image 1, the standard exposure image, was ranked ninth overall.  Although it was 
ranked eighth visually, i.e. better than Image 9 as explained in section 5.4.5, its ESD 
was the highest of the acquisitions in the final exposure set.   
 
It was therefore possible, with all of the exposures other than the standard exposure, 
to obtain images that were visually equivalent to or better than the standard 
exposure image at an ESD that was significantly less than that of the standard 
exposure.  When ESD and visual image quality were the preferred ranking criteria, 
the overall ranking position of the images, from best to worst, was Image 3, 2, 7, 6, 
8, 5, 4, 9 and 1. 
 
These results clearly demonstrated that the aim of the current study was reached, 
i.e. new exposure protocols were developed that reduced the ESD delivered per x-
ray, while the clinical image quality was maintained.  It was also apparent that such 
dose reductions were possible with improved clinical image quality in some cases.  
The risks for cancer induction in the young child now had to be investigated. 
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5.4 Dose reduction versus image quality  
 
Most of the research available in literature was performed on film-screen 
systems.  Tygerberg Academic Hospital uses a digital CR system for x-ray imaging.  
It was therefore difficult to extrapolate the literature data to CR imaging systems.  
The results as described in literature were also quite variable, as seen in Table 3.3.  
Different publications offered different exposure factor combinations to achieve 
reduced ESD with acceptable image quality, with the kV ranging from 40 - 80 kV,  
0.5 - 4 mAs, 80 - 115 cm FFD with different types of added filtration 
suggested.13,14,15,21,28  Therefore a number of trial runs or preliminary exposures were 
made in order to determine the response of the CR system and to derive a range of 
kV, mAs, FFD and filtration for the system where it was possible to achieve an ESD 
reduction with maintenance of acceptable clinical image quality. 
 
According to suggestions in literature it was clear that collimation should be 
performed as tightly as possible in order to decrease the delivered ESD and the total 
area exposed to radiation.  For neonatal chest AP x-rays it was possible to collimate 
in such a way that the gonads and head were not in the primary exposure beam.  
However, it was important to ensure that the collimation was not so tight that 
structures of interest would be missed due to movement of neonates, which would 
result in retakes.  Such collimation was in accordance with the ALARA principle and 
was general practice at Tygerberg Academic Hospital.  Therefore collimation was not 
investigated.  The other possible exposure factors, i.e. kV, mAs, focal spot size, FFD 
and filtration were considered in the preliminary exposures. 
 
The preliminary exposures were made on a fixed unit at the Oncology Division at 
Tygerberg Academic Hospital.  It was logistically easier for all parties involved in the 
measurements and the unit was available for long periods of time, which was ideal 
for research purposes.  The mobile unit for neonatal chest imaging was used 
continually and could only be accessed for short periods of time.  Quality assurance 
was done on both units by a SANAS accredited Inspection body.  The results 
obtained from the fixed unit were only used to derive a final set of measurements to 
be done on the mobile unit.  The final set of measurements was used for final 
calculations, image evaluations and recommendations. 
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The standard exposure factors used at Tygerberg Academic Hospital for neonatal 
chest AP examinations are processed images obtained with small focus, 50 kV, 2 
mAs, 100 cm FFD with inherent filtration only and collimation as tightly as possible.  
Such an exposure is referred to as the standard exposure.  Results obtained in the 
four preliminary and final exposure sets are discussed in terms of comparison to the 
standard exposure. 
 
 
5.4.1 First preliminary exposure set 
 
Image quality was calculated as the SNR of healthy lung and the SDNR 
between healthy lung and Agar gel mix for the first preliminary exposure set.   
 
Table 4.13 shows that the dose increased as the kV was increased due to the mAs 
being kept constant at 2 mAs.  Despite the dose increase there was no real gain in 
image quality.  An increase in kV increased the penetrability of the beam and the 
efficiency of x-ray production, therefore the increase in ESD.  These results clearly 
demonstrated that an increase in kV should be accompanied by a decrease in mAs.  
As the beam quality and x-ray production efficiency were improved, more photons 
were reaching the CR plate to contribute to image formation, which offset the 
reduction in the number of photons when the mAs was reduced.  Literature 
confirmed the statement that an increase in kV, with an associated reduction in mAs, 
resulted in the maintenance of a certain level of image quality, at a reduced ESD.4,5  
This concept was employed in the following preliminary exposure sets. 
 
It was seen that the ESD could be halved if the kV was reduced from 50 to 40 kV 
with a constant 2 mAs.  It gave improved SNR and SDNR compared with the 
standard.  Addition of 0.1 mm Cu + 1 mm Al filtration gave a dramatic ESD reduction 
from the standard exposure.  Here the SNR was much better and the SDNR was 
comparable to that of the standard exposure.  This was a result of filtration absorbing 
low energy photons that contributed to delivered dose only and not to image 
formation.  
 
Chapter 5 – Discussion 
Stellenbosch University  http://scholar.sun.ac.za
146 
 
A FFD of 80 cm caused an increase in ESD, which could not be justified by the slight 
gain in SDNR.  At 120 cm FFD there was a slight ESD reduction, showing a slight 
improvement in SNR, but the SDNR was comparable to that of the standard 
exposure.  It was important that the optimal FFD was used as FFD influenced 
magnification and image sharpness.  Theoretically a shorter FFD would increase 
ESD and reduce the image sharpness with increased magnification.16  A standard 
FFD should therefore be used.  This was equal to 100 cm in Tygerberg Academic 
Hospital. 
 
These were all processed images.  Image processing occurred when the CR plate 
was read in the CR reader.  Image processing was automatically performed by the 
software to create an image that shows the results of a radiological investigation in a 
much more accessible and optically pleasing way, although post acquisition image 
manipulation was available with a CR system.   These images gave reason for the 
decision to examine raw images as well, i.e. images that had no image processing at 
readout.  The second set of preliminary exposures was therefore acquired as raw 
and processed images. 
 
 
5.4.2 Second preliminary exposure set 
 
The results of the second set of preliminary exposures are included in Tables 
4.14 and 4.15.  In this set the mAs was again kept constant at 2 mAs in order to 
investigate the effect of raw images and to compare the raw and processed images.  
In this set of exposures doses were not measured.  Analysis was therefore purely 
based on image quality, quantitatively and visually.   
 
The raw image data, Table 4.14, was considered. 
 
Visually 40 kV performed the worst, so although the 40 kV image had good 
quantification results, it was decided not to work at such a low kV owing to the poor 
visual image quality.  The best range for good visual and quantitative image quality 
proved to be 50 - 70 kV.  This range was combined with the ESD results for the first 
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set, which indicated that an increase in kV must have a compensatory decrease in 
mAs.  It was employed in the third set of preliminary exposures. 
 
In this thesis the effect of additional filtration on ESD and image quality was 
investigated to gain a more complete overview, even though additional filtration was 
not an inherent feature of the x-ray units used to image neonates routinely.  With 
added filtration at 50 kV, 2 mAs, 100 cm FFD and small focus, the visual image 
quality reduced significantly.  The first set of preliminary exposures showed that the 
ESD decreased with added filtration, but the visual and quantified image quality was 
much lower.  The second set gave reason to examine the effect of added filtration 
with an increase in kV and/or an increase in mAs.  Theoretically it would take 
advantage of the dramatic ESD drop with added filtration, and compensate for the 
reduction in image quality with the kV and/or mAs increase.  It implied a greater 
beam intensity and number of photons which should increase the image quality and 
ESD, but the reduction in ESD with the additional filtration seemed significant 
enough to counter the resultant ESD increase.  Additional filtration caused dramatic 
dose reductions, which warranted further investigation. 
 
By changing the focus from small, or fine, to large the visual and quantified image 
quality was comparable to that of the standard exposure.  Theoretically a small focal 
spot size should give a geometrically sharper image.  For the third set of preliminary 
exposures it was therefore necessary to determine if there was an ESD difference 
between the two focal spot sizes.   
 
The image at 120 cm FFD was visually much poorer than the standard exposure 
image.  The first preliminary exposure set showed that the ESD decreased by about 
34%, but it did not justify the reduction in image quality and the magnification effect.  
Changing the FFD also changed the magnification of the image, and as organ size 
was important in many chest AP investigations, it was decided to use an FFD of 100 
cm, which was standard use at Tygerberg Academic Hospital.   
 
The processed image set, Table 4.15, was then considered. 
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By changing the kV from 50 kV to70 kV the visual image quality was not influenced. 
These images again showed that the 50 - 70 kV range required further investigation, 
as with the raw images.  However, in the case of the processed images, changing 
the kV did not have much impact on the quantified image quality and no influence on 
the visual image quality, compared to the effect seen in the case of the raw images.  
It was expected since the image processing that occurred with the processed images 
counteracted image quality degradation. 
 
Added filtration made no significant difference in the visual image quality of the 
processed images, while a significant reduction was seen in the raw images.  When 
using a large focus, the SNR for sick lung was better than that of the standard 
exposure, while other image quality parameters were comparable. 
 
At 120 cm FFD the visual image quality was decreased compared with the standard 
exposure.  Visually the processed and raw images were comparable, but the 
quantification of the processed image was better than that of the raw image, except 
for the CNR.  As in the case of the raw image it was concluded that the reduction in 
image quality was not justified by the reduced ESD. 
 
The processed images performed better quantitatively than the raw images, except 
for the CNR.  These images were smoothed and therefore the noise values in the 
ROIs used for analysis were smaller.  The signal values in these ROIs were 
generally also larger and more uniform than those of the raw images.  No significant 
changes were seen in signal values as exposure parameters were changed, 
although substantial changes were apparent in the raw images.  In general the noise 
levels for healthy lung were higher for processed than for raw images.  The 
processed images underwent inherent image processing that smoothed the images 
and made them more uniform.  These images were processed to appear almost 
similar, regardless of the exposure factors used.  It explained the more subtle 
changes in the signal values between the processed images and the lower noise 
levels.  The CNRs of the processed images were therefore poorer than those of the 
raw images, as the differences in signals were smaller on the processed images. 
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Visually the raw images were better than the processed ones.  This is indicated in 
Figure 5.1 on page 150, where the grey scale of the raw image was adjusted to 
appear to be similar to that of the processed image.  Both these images were 
acquired at 60 kV, 2 mAs, 100 cm FFD, small focus and inherent filtration.  In Figure 
5.1 the central line and sternum were clearer on the raw than on the processed 
image. 
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a.) 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: a.) 60kV, 2 mAs and inherent filtration raw image.  b.) 
60kV, 2 mAs and inherent filtration processed image.   
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The processed images quantified better than the raw images, but visually the images 
were less clear due to image processing.  The visual scores for the raw images were 
higher than those of the processed images, where many of the images had the same 
total score of 11.  As radiologists are used to viewing processed images in 
Tygerberg Academic Hospital, and there is no direct correspondence between visual 
and quantified image quality, it was therefore possible to reduce the ESD with little or 
no effect on the visual image quality, although the quantified image quality might be 
affected.   
 
The raw images were visually much better, showing more detail and small 
differences in grey scale value, since they had not been processed and smoothed 
out.  It also implied that the raw images would be more grainy in appearance, 
although the graininess in Figure 5.1 a.) on page 150 was quite acceptable.  The 
graininess was another explanation for the poorer scoring quantitatively.   
 
From the second set of preliminary exposures it could be deduced that dose 
reduction with minimal or no effect on image quality was indeed possible using 
processed images.  It was also postulated that, with raw images, the initial better 
visual image quality could be used to obtain a dose reduction with a slight associated 
decrease in image quality, resulting in a raw image that was comparable to the initial 
visual image quality of a processed image.  A dose decrease was possible with raw 
images.  The third set of preliminary exposures therefore also considered raw and 
processed images.  
 
 
5.4.3 Third preliminary exposure set 
 
In the third set of preliminary exposures relative doses were measured with 
the Unfors XI view detector available at Tygerberg Academic Hospital.  If the 
measured dose for a certain exposure was greater than that of the standard 
exposure (50 kV, 2 mAs, 100 cm FFD and inherent filtration) the objective of the 
study, i.e. dose reduction, would not be achieved.  Such exposures could therefore 
not be considered as acceptable in the current study, irrespective of the visual and 
quantified image quality. 
Chapter 5 – Discussion 
Stellenbosch University  http://scholar.sun.ac.za
152 
 
The raw images, with results recorded in Table 4.16, were considered first. 
 
Table 4.16 shows that the raw standard image scored a total of 12 for visual image 
quality.  The relative dose for the exposure was 45.9 µGy.  An exposure that resulted 
in a dose reduction with similar or improved image quality would be an advancement 
compared with the standard used at Tygerberg Academic Hospital.  Focus size, 
filtration and kV and mAs variation were investigated. 
 
A large focus increased the ESD to a level higher than standard exposure.  The 
visual image quality was also poorer, although the quantification was similar to the 
standard.  It was therefore decided that a small or fine focus should be used, with a 
lower dose and better image quality.  This was applied in the fourth and final 
exposure sets. 
 
As additional filtration had proven results in literature, its effect had to be 
investigated, therefore the addition of 1 mm Al and 0.1 mm Cu + 1 mm Al filtration 
was considered.  At 50 kV and 4 mAs, with the 1 mm Al filter, the visual image 
quality was comparable to that of the 50 kV and 3.2 mAs image with this filtration, 
but the quantitative image quality was only slightly improved.  Increasing the mAs 
therefore did not improve the image quality, but the ESD was increased 6% and 36% 
above the standard, for 3.2 mAs and 4 mAs respectively.  It was in contradiction with 
the aim and therefore not an option.  At 70 kV, 2 mAs and 1 mm Al added filtration 
the visual image quality was better than that of the standard, but this improvement 
occurred at a 58% ESD increase above the standard exposure ESD.  Due to the 
ESD increase and no apparent gain in image quality, it was decided that the addition 
of 1 mm Al filtration was not feasible for the current study.  The 1mm Al filter alone 
only absorbed the very low energy photons.  The 0.1 mm Cu + 1 mm Al filtration 
results looked more promising, as the Cu filtered a greater energy range of photons 
and the Al absorbed the characteristic x-rays generated in the Cu.  Filtration reduced 
the number of low energy photons, which contributed to dose only and not to image 
quality formation. 
 
An exposure with 50 kV, 3.2 mAs and 0.1 mm Cu + 1 mm Al filtration resulted in an 
image with a total visual image quality score of 11.  It was considered a good score, 
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but it was not possible to see through the healthy lung in the image, i.e. the healthy 
lung was almost blacked out, so the image was not usable.  The high CNR was also 
explained by this, i.e. there was a very large difference between the signals of bone 
and healthy lung, although it was not a true reflection of the actual image quality.  
The ESD was dramatically reduced by 58%, compared with the standard exposure.   
 
The image obtained with the filter at 50 kV and 4 mAs was comparable to the 3.2 
mAs image visually and quantitatively.  Its dose was about 3% higher than at 3.2 
mAs, but the ESD was still only half of the standard exposure.  Compared to the 
image obtained in the second set of preliminary exposures, at 50 kV, 2 mAs with 0.1 
mm Cu + 1 mm Al added filtration, the visual image quality was improved but the 
quantification results were similar.  At 70 kV, 2 mAs with the added filtration the 
visual image quality deteriorated, although quantified image quality was better, 
except for CNR which was lower, due to healthy lung having a larger signal than that 
of the other images obtained with the filter.  The image also quantified better than the 
standard image and had an ESD reduction of nearly 20%.  These results showed 
that the addition of a 0.1 mm Cu + 1 mm Al filter held significant dose reduction 
advantages, although visual image quality was lower compared to the standard.  It 
therefore warranted investigation of the filtering option further, with other 
combinations of kV and mAs, in the fourth preliminary exposure set. 
 
The ESD at 55 kV, 1.6 mAs, 100 cm FFD with inherent filtration was comparable to 
that of the standard exposure, but visually it was poorer.  At the higher kV, the 
intensities in the ROIs used in quantitative analysis were higher, therefore the SNR 
sick lung was better, but the CNR was poorer, as healthy lung, in this case as well, 
had a larger signal.  The exposure was not an option, as the ESD was not decreased 
and visual image quality was reduced.  In order to obtain an ESD reduction the mAs 
was reduced to 1.25 mAs, but it resulted in a drop in visual image quality, compared 
with the 1.6 mAs image and the standard.  The quantitative analysis results were as 
satisfactory as those of the standard image, only the CNR was reduced as the signal 
in the healthy lung was increased.  The reduction in dose achieved in this case was 
not justified by the loss in visual image quality.  It was also the conclusion when the 
mAs was decreased to 0.8 mAs, i.e. ESD reduced by about 53%, but visual image 
quality had a total score of only 5. 
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Three mAs settings were used with 60 kV.  At 1.4 mAs the ESD was increased to 
higher than the standard, the visual image quality had an increased total score of 15, 
and quantitatively it scored similar to the standard image, except for SDNR sick lung.  
However, due to the dose increase the exposure was not adequate.  The mAs was 
lowered to 1 mAs, which gave an approximate 27% decrease in ESD compared with 
the standard exposure.  Visually the total score of 12 was comparable to that of the 
standard image and quantitatively the image scored worse on SDNR sick lung and 
CNR, although the rest of the scores were also similar to that of the standard.  It was 
due to the lowered mAs resulting in larger standard deviations or noise in the 
analysis ROIs and a very small difference in intensity or signal between Agar gel mix 
and sick lung.  The image was also found to be the best raw image, compared with 
the standard image, of all the exposures made in preliminary set three.  It is shown in 
Figure 5.2 a.) on page 155.  With 0.8 mAs, a further reduction in ESD was achieved 
although image quality was slightly reduced.  The exposure was still considered an 
option for the current study. 
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a.) 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: a.) Raw image obtained with 60 kV and 1 mAs.  b.) 
Standard exposure raw image. 
 
Chapter 5 – Discussion 
Stellenbosch University  http://scholar.sun.ac.za
156 
 
The ESD increased by 12% when an exposure was made with 65 kV and 1.25 mAs, 
although the visual image quality was higher than that of the standard image.  With a 
reduction in mAs to 0.8 mAs, the ESD was about 33% lower than that of the 
standard exposure, obtaining an acceptable visual image quality comparable to that 
of the standard.  Quantitatively the image was comparable to the image obtained 
with 1.25 mAs, except the CNR.  When the mAs was dropped further, to 0.5 mAs, 
visual image quality was unacceptably degraded, although the ESD was greatly 
reduced. 
 
Exposures were made at 70 kV with two mAs settings, 1 mAs and 0.5 mAs.  At 1 
mAs the ESD, was higher than with the standard exposure and the visual image 
quality poorer and this setting was therefore not an option.  With a mAs reduction of 
0.5 mAs, the ESD showed a 50% decrease compared with the standard, but the 
visual image quality was poor and overall the image was unacceptable.  Exposures 
at 70 kV were therefore considered unacceptable. 
 
The conclusion here was that dose reduction, using raw images, was possible, with 
maintenance of acceptable clinical image quality, by increasing the kV from 50 to 60 
kV and reducing the mAs from 2 to 1 mAs.  Further and finer investigation in the 
exposure range was necessary and was done in the fourth set of preliminary 
exposures. 
 
Table 4.17 shows the results for the processed images of the third preliminary 
exposure set.  These are discussed below. 
 
The standard exposure processed image here had a lower visual image quality than 
the corresponding raw image, as shown in Figure 5.3 on page 157.  The central line 
and sternal blocks were more clearly visible in the raw image, although the healthy 
lung was darker.  Quantitatively the processed image was better than the raw image, 
except for SDNR sick lung and CNR.  It was due to the processed image signals 
being larger and more uniform and having smaller standard deviations. The 
processed image is the image generally used in Tygerberg Academic Hospital, 
therefore a visual image quality above 9 implied an improvement compared with the 
image quality routinely used at the hospital. 
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b.) 
a.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: a.)Processed standard exposure image.  b.) Raw 
standard exposure image. 
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The processed large focus image was visually comparable to the processed 
standard image, but the ESD had increased, therefore small focus was decided on 
for all further exposures.  Quantitatively this image was poorer than the processed 
standard image, except on SDNR sick lung, as there was a larger signal intensity 
difference between Agar gel mix and sick lung.  It was expected, as fine or small 
focus was supposed to give more detail theoretically. 
 
With added 1 mm Al filtration, the processed images at 50 kV, 3.2 mAs and 4 mAs 
were visually and quantitatively comparable to the standard, at an increased ESD. 
And therefore these exposures were not justifiable. 
 
At 70 kV and 2 mAs the additional 1 mm Al filter gave very high visual image quality, 
a total score of 15, but the ESD was increased by around 58%, therefore the 
exposure did not meet the requirements of dose reduction.  The image is included as 
Figure 5.4 on page 159, in comparison with the standard processed image. 
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a.) 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: a.) Processed standard exposure image.  b.) Processed  
image obtained at 70 kV, 2 mAs with 1 mm Al added filtration. 
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By adding 0.1 mm Cu + 1 mm Al additional filtration, significant ESD reductions as 
well as improved visual image quality were achieved, compared with the processed 
standard image.  This type of exposure therefore met the requirements of the current 
study of ESD reduction, but had another advantage of visual image quality being 
higher than what was generally used in Tygerberg Academic Hospital.  Apart from 
maintaining acceptable clinical image quality at a reduced ESD per x-ray, image 
quality was also improved.   
 
At 50 kV and 3.2 mAs the visual image quality was slightly higher than that of the 
processed standard image, and the quantified results showed reduced CNR and 
better SNR sick lung.  It was also the case at 50 kV and 4 mAs.  The ESD was 
reduced by about 58% at 3.2 mAs and about 47% at 4 mAs.  As the image quality 
was comparable visually and quantitatively between these two exposures, the 3.2 
mAs exposure was deemed better, as it had a greater ESD reduction. 
 
The exposure at 70 kV and 2 mAs yielded a total visual score of 14, which was much 
higher than the processed standard image score of 9.  It was similar to the 
processed standard image quantitatively and was obtained at about 20% less ESD.  
It proved to be the best processed image and was considered an option for real 
neonatal imaging.  The image is shown in comparison with the standard processed 
image in Figure 5.5 on page 161.  The filtered image showed the central line and 
sternal blocks more clearly and the healthy lung was not as dark, showing the 
posterior ribs more clearly. 
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a.) 
b.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: a.) Processed standard exposure image.  b.) Processed 
image obtained at 70 kV, 2 mAs with 0.1 mm Cu + 1 mm Al added 
filtration. 
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Exposures were made at 55 kV with 1.6, 1.25 and 0.8 mAs respectively.  Visually 
these images were comparable to the standard processed image, but the visual 
image quality was lower than was achieved with added 0.1 mm Cu + 1 mm Al 
filtration and at higher kV settings.  The ESD was reduced at 1.25 and 0.8 mAs.  At 
1.6 mAs the image quantified better on SNR healthy and sick lung, with similar 
results for other criteria.  The SDNR healthy lung and CNR were reduced at 1.25 
mAs, compared to the standard processed image.  At 0.8 mAs the SNR healthy lung 
was better, the CNR was comparable, but on all other criteria measured worse than 
the standard processed image.  Overall the processed images at 55 kV were better 
than the corresponding raw images.  However, the reduction in ESD at 1.25 and 0.8 
mAs was not justified by the obtained image quality.  The kV was therefore 
increased. 
 
At 60 kV and 1.4 mAs, the visual image quality was better than that of the processed 
standard image, but the ESD was slightly increased, and therefore the exposure was 
not a good option.  A mAs reduction to 1 mAs gave an ESD reduction of around 27% 
from the standard, with a slightly improved visual image quality total score of 11.  
Quantitatively the image was better than the standard.  The image was visually and 
quantitatively comparable to the image obtained at 60 kV and 1.4 mAs, but had a 
lower ESD, and was therefore considered better than the 1.4 mAs image.  At 0.8 
mAs the ESD was about 43% less than the standard exposure, with the same visual 
image quality and similar quantified image quality as the standard image.   
 
It was therefore possible to obtain an image at a reduced ESD while maintaining 
image quality.  This set of preliminary exposures showed it may be possible to 
reduce ESD while achieving an improvement in the image quality at the same time, 
compared with the standard exposure of small focus, 100 cm FFD, inherent filtration, 
50 kV and 2 mAs. 
 
At 65 kV and 1.25 mAs the ESD was higher than that of the standard exposure, 
therefore the improved visual image quality was not justified.  By reducing the mAs 
to 0.8 mAs the ESD was decreased by 33%, with a visual and quantitative image 
quality that were comparable to that obtained at 1.25 mAs and better than the 
standard image.  The exposure, at 65 kV and 0.8 mAs, was therefore an option for 
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the current study.  A further ESD reduction was obtained by decreasing the mAs to 
0.5 mAs.  The significant ESD reduction of about 61% from the standard exposure 
had a visual image quality that was higher than that of the standard exposure.  
Quantitatively it was also comparable to the standard processed image.  The 
processed image was better than its corresponding raw image regarding visual 
image quality.  The images are included in Figure 5.6 on page 164.  Image quality 
was visually higher since the sternal blocks were clearer and also resulted in 
significant ESD reduction.  Exposures in this range had therefore to be more closely 
evaluated in the fourth preliminary exposure set. 
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b.) 
a.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: a.) Processed standard exposure image.  b.) Processed  
image obtained at 65 kV and 0.5 mAs. 
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At 70 kV and 1 mAs no ESD reduction was obtained.  The same total visual image 
quality score could be obtained with reduced ESDs at 65 kV and 0.5 mAs and 65 kV 
and 0.8 mAs.  Similar scores were also reached with added 0.1 mm Cu + 1 mm Al 
filtration.  Therefore the exposure was not considered feasible for the current study.  
An ESD reduction of about 54% was obtained when the mAs was decreased to 0.5 
mAs, i.e. the lower mAs limit of the fixed x-ray unit.  Visually the image was better 
than the standard processed image and the same as the image obtained at 70 kV 
and 1 mAs, although it was quantitatively poorer than this image.  The image was 
also an option for the current study. 
 
The processed images in the third preliminary exposure run showed that the best 
option was 70 kV, 2 mAs and added 0.1 mm Cu + 1 mm Al filtration, as seen in 
Figure 5.5 b.) on page 161.   
 
The third preliminary exposure set showed that a definite, and significant, ESD 
reduction from the standard exposure was indeed possible.  It was found that dose 
reduction could include an improvement in visual image quality, when using 
processed images, compared with standard practice at Tygerberg Academic 
Hospital.  A narrower range was therefore proposed for investigation in the fourth 
preliminary exposure set. 
 
 
5.4.4 Fourth preliminary exposure set 
 
In the fourth set of preliminary exposures, a smaller range with finer sampling 
was used.  Additional filtration of 0.1 mm Cu + 1 mm Al and changes in kV and mAs 
for raw and processed images were considered. 
 
Table 4.18 shows the results for the raw images.  Although no significant 
improvements in visual image quality were found in the case of raw images, visual 
image quality was maintained, at a reduced ESD, in most of these images.  These 
results are discussed below. 
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Figure 5.7 shows some of the raw images obtained with additional filtration of 0.1 
mm Cu + 1 mm Al.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a.) 
b.) 
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c.) 
d.) 
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e.) 
f.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: a.) Raw standard exposure image.  b.) Raw image at 55 
kV, 2 mAs with 0.1 mm Cu + 1 mm Al added filtration.  c.) Raw 
image at 60 kV, 2 mAs with 0.1 mm Cu + 1 mm Al added filtration.  
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d.) Raw image at 60 kV, 3.2 mAs with 0.1 mm Cu + 1 mm Al added 
filtration.  e.) Raw image at 64 kV, 2 mAs with 0.1 mm Cu + 1 mm Al 
added filtration.  f.) Raw image at 63 kV, 2 mAs with 0.1 mm Cu + 1 
mm Al added filtration.  
 
 
Most of the raw images obtained at 53 - 57 kV and 65 kV with the additional 0.1 mm 
Cu + 1 mm Al filtration were actually visually poor.  It seemed that visual image 
quality was maintained, with total scores of 10 or 11, but this was not true.  These 
images scored a value of 1 for healthy lung, which implied that the healthy lung was 
almost black.  An example is shown in Figure 5.7 b.), on page 166, of the 55 kV and 
2 mAs filtered image.  Although the image had an ESD reduction of approximately 
64% and the central line and sternal blocks were clearly visible, the almost black 
lung made it unusable.  Chest AP x-rays were used to investigate disease conditions 
of the lungs, and if the lungs were black no information could be obtained from such 
an exposure. 
 
At 60 kV and 2 mAs with the added filtration, the obtained total visual image quality 
was higher than that of the standard raw image, i.e. a total score of 12.  It showed 
the sternal blocks better and the healthy lung was more transparent.  This image, 
Figure 5.7 c.) on page 167, is compared with the standard raw image, Figure 5.7 a.) 
on page 166.  Quantitatively it was better than the standard raw image on SNR 
healthy lung, comparable on SDNR healthy lung but scored lower in respect of the 
other criteria.  The image was obtained at an ESD of about half of the standard raw 
image.  It was therefore considered an option for final evaluation.  
 
The mAs was increased to 3.2 mAs at 60 kV and applied together with the additional 
filtration.  The image quantified better than the corresponding image at 2 mAs, 
although its visual image quality was comparable to that of the 2 mAs image.  Its 
ESD was only about 17% less than that of the standard, and so the image was not 
included in the final evaluation.  The images are compared in Figure 5.7, i.e. Figure 
5.7 a.) on page 166, for the standard raw image, and Figure 5.7 d.) on page 167. 
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The image obtained at 64 kV, 2 mAs and additional 0.1 mm Cu + 1 mm Al filtration 
was the best raw filtered image visually totalling visual image quality score of 13.  
Visually it was better than the images acquired at 60 and 63 kV with 2 mAs and the 
additional filtration, but it had a slightly higher ESD than these images.  Its ESD was 
still nearly 39% less than the standard image, so the slight increase in ESD was 
justified by the improved visual image quality.  This image quantified better than the 
standard raw image in SNR healthy and sick lung, similar in SDNR healthy lung and 
poorer in SDNR sick lung and CNR.  Figure 5.7 a.), c.), e.) and f.), on pages 166 - 
168, show  these images. 
 
In the case of inherent filtration, different combinations of kV and mAs were used.  
These images all achieved a total visual image quality score of 10 or 11, except for 
the 63 kV and 1.1 mAs and 64 kV and 0.5 mAs images, which had a total score of 13 
and 8 respectively.  By using this technique, the visual image quality was maintained 
overall and ESD was reduced as well. 
 
Figure 5.8 on pages 171 - 175 shows the images obtained with inherent filtration. 
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a.) 
b.) 
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c.) 
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e.) 
f.) 
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g.) 
h.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: a.) Raw standard exposure image.  b.) Raw image at 58 
kV, 1mAs with inherent filtration.  c.) Raw image at 59 kV, 1 mAs 
with inherent filtration.  d.) Raw image at 61 kV, 0.8 mAs with 
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inherent filtration.  e.) Raw image at 62 kV, 1.1 mAs with inherent 
filtration.  f.) Raw image at 62 kV, 0.8 mAs with inherent filtration.  
g.) Raw image at 63 kV, 1.1 mAs with inherent filtration.  h.) Raw 
image at 64 kV, 1 mAs with inherent filtration. 
 
 
The image at 58 kV and 1 mAs was better than the one at 59 kV and 1 mAs, 
although it was more grainy.  It showed more detail than the 59 kV 1 mAs image, 
which was smoother, and had a slightly lower ESD.  These images are included in 
Figure 5.8 b.) and c.) on pages 171 and 172.  These images were not considered in 
the final assessment since they obtained scores of 4 for sternum, while similar 
images at similar doses were recorded with sternum scores of 5.  It was also the 
case in the images at 58 and 59 kV and 1.25 mAs, which were comparable visually.   
Overall these images were also comparable to the standard raw image 
quantitatively, but with worse performance on CNR. 
 
At 61 kV, images were obtained at 1.1 and 0.8 mAs.  These images were 
comparable to the standard raw image and to each other.  The image at 0.8 mAs 
was therefore considered to be better, as it had a lower ESD than the 1.1 mAs 
image.  The image was also considered an option for the final exposure set.  It had 
an ESD reduction of about 41% from the standard exposure.  Quantitatively it was 
slightly poorer than standard raw image.  It was slightly grainier than the image at 1.1 
mAs, but the slight effect on image quality was justified by the reduced ESD.  
Visually it was comparable to the standard raw image, so visual image quality was 
maintained.  These images are included in Figure 5.8 a.) and d.) on pages 171 and 
172.   
 
Images were also recorded at 0.8 and 1.1 mAs at 62 kV.  The 62 kV and 1.1 mAs 
image was slightly better, at a slightly increased ESD, compared with the image at 
61 kV and 1.1 mAs.  The image still had an ESD reduction of about 12%, compared 
with the standard exposure.  The image at 0.8 mAs and 62 kV was slightly grainier 
than the 1.1 mAs image, but its ESD was about 30% less than for the1.1 mAs image.  
The medial line of the sick lung was visible, it was not the case at 61 kV and 0.8 
mAs, so the 62 kV 0.8 mAs image was considered the better of the two, although it 
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had a slightly higher ESD.  The image was still slightly better than the standard raw 
image, with an ESD reduction in the order of 38%, and it was considered an option 
for final evaluation.  These images are included in Figure 5.8 e.) and f.) on page 173. 
 
The image at 63 kV, 1.1 mAs and inherent filtration, in Figure 5.8 g.) on page 174, 
achieved the best visual image quality results with change in kV and mAs in raw 
images.  It had a total visual image quality score of 13, but its ESD was only about 
10% less than the standard exposure.  The small improvement in image quality did 
not justify the higher ESD, compared with other kV and mAs combinations, therefore 
the image was not considered for the final exposure set.  Similar results were 
obtainable at substantially lower ESDs. 
 
The rest of the kV and mAs combination images in Table 4.18 were not considered 
as options for final evaluation, as the healthy lung was again nearly black in these 
images.  In general, these images were grainier but showed more contrast.  For 
example, sternal blocks and the whole central line were clearly seen, as shown in 
Figure 5.8 h.) on page 174.  
 
The processed images of the fourth preliminary exposure set, as in Table 4.19, 
showed that additional filtration of 0.1 mm Cu + 1 mm Al actually caused an 
improvement in visual image quality, compared with the standard processed image, 
and all of these exposures had an associated ESD reduction from the standard.  The 
best image visually was obtained at 57 kV and 3.2 mAs with added filtration.  
Visually the image scored a total of 16, i.e. twice as high as the standard processed 
image.  The image also quantified very similar to the standard processed image in 
respect of all criteria and its ESD was about 32% lower.   
 
As shown in the third set of preliminary exposures, exposures around 50 kV with 
added filtration were too low.  As the kV was increased, and the beam penetrability 
was increased, more photons were reaching the imaging plate to contribute to image 
formation.  In Table 4.19 it was seen that the visual image quality improved as the kV 
was increased above 55 kV, with the optimal range of 57 to 65 kV.  The added 
filtration absorbed the lower energy photons, which only contributed to dose and not 
to image formation, as illustrated by the significant ESD reductions from the standard 
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a.) 
b.) 
in Table 4.19.  The processed images of importance are included in Figure 5.9 on 
pages 177 - 179. 
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e.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: a.) Processed standard exposure image.  b.) Processed 
image at 57 kV, 2 mAs with 0.1 mm Cu + 1 mm Al added filtration. 
c.) Processed image at 57 kV, 3.2 mAs with 0.1 mm Cu + 1 mm Al 
added filtration.  d.) Processed image at 60 kV, 2 mAs with 0.1 mm 
Cu + 1 mm Al added filtration.  e.) Processed image at 61 kV, 0.8 
mAs and inherent filtration. 
 
At 57 kV, Figure 5.9 b.) and c.) on pages 177 and 178, with added filtration, visual 
image quality was slightly improved as the mAs was increased from 2 to 3.2 mAs.  
Quantitative image quality was also improved.  The ESD was about 40% higher at 
3.2 mAs than at 2 mAs, but as there was still a significant ESD reduction from the 
standard (nearly 32%) at 3.2 mAs, this increase in ESD was still justifiable. 
Compared with the processed standard image, Figure 5.9 a.) on page 177, the 
filtered image at 57 kV and 2 mAs was quantitatively lower and visually better.  The 
image was obtained at an ESD of about 59% less than that of the standard 
exposure.  The tremendous ESD reduction made the exposure, which also brought 
about improved image quality compared with the standard used at Tygerberg 
Academic Hospital, a definite option for final assessment.   
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An ESD increase with increased mAs was also seen at 60 kV, as dose was directly 
proportional to mAs.  An increase in mAs from 2 to 3.2 mAs achieved about 65% 
increase in ESD, however the ESD was still about 17% lower than that of the 
standard exposure.  The ESD values at 60 kV were also higher than those obtained 
at 57 kV with the same mAs values.  This was expected since an increase in kV 
influenced beam quality and quantity.  Visually and quantitatively the images at 60 
kV and 2 and 3.2 mAs with added filtration were comparable.  The filtered 60 kV and 
2 mAs image had an ESD of approximately 50% lower than the standard and was 
therefore considered in final evaluation.  It is included in Figure 5.9 d.) on page 178. 
 
The image obtained at 60 kV and 3.2 mAs with the added filtration had a visual 
image quality total score of 15.  It was comparable to the standard processed image 
quantitatively and had an ESD reduction of approximately 17%.  Since its visual 
score and ESD reduction were lower than that of the 57 kV and 3.2 mAs with added 
filtration image, the 57 kV image was deemed better.  These images are included in 
Figure 5.9 c.) and d.), on page 178. 
 
The results achieved by added filtration were better than those obtained with 
inherent filtration and changes in kV and mAs only.  The total visual image quality 
scores with the change in kV and mAs at inherent filtration images were still higher 
than those of the standard processed image.  Visually most of these images had a 
total score of 12.  Quantitatively these images were comparable to each other and to 
the standard processed image, due to the image processing which created more 
uniform signals regardless of the exposure parameters used.   
 
The lowest ESD achieved, using these exposures, was at 61 kV and 0.8 mAs, i.e. 
almost 41% less than in the standard exposure.  Other combinations of kV and mAs 
did not give improved visual image quality, although ESD was increased.  In the 
case of processed inherently filtered images the image was therefore better.  The 
image was compared with the standard processed and the better filtered image in 
Figure 5.9 on pages 177 - 179.  
 
All of the exposures in the fourth preliminary set were achieved with ESDs lower 
than that of the standard exposure.  By applying the procedures used in this set of 
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exposures it was therefore not only possible to reduce ESD, but also to improve 
clinical image quality.  These exposures were therefore considered for the final 
exposure set for processed images with 0.1 mm Cu + 1 mm Al added filtration at 57 
kV and 2 and 3.2 mAs and 60 kV and 2 mAs.  These images are shown in Figure 5.9 
b.), c.) and d.) on pages 177 and 178.  An exposure at 61 kV and 0.8 mAs with 
inherent filtration was also an option.   
 
 
5.4.5 Final exposure set 
 
The quantitative image quality results and the measured ESDs were recorded 
in Table 4.20.   
 
If only ESDs were considered, the lowest ESD would be regarded as the best option 
since one of the aims of the current study was to decrease the ESD.  This applied to 
image 6 with an ESD of 16.2 µGy.  If the uncertainty in the ESD measurements, as 
determined in section 4.5 i.e. 5%, was taken into account, the dose was 16.2 ± 0.8 
µGy.  It was therefore significantly lower than any of the other ESDs.  Images 2 and 
8 were both ranked second, with an ESD of 19.10 ± 1.0 µGy.  These images were 
obtained with the same exposure factors, which determined the delivered dose.  
Image 2 was raw and image 8 was processed.  Image 3 was ranked third.  The ESD 
for the image was 22.8 ± 1.1 µGy.  These images were all obtained with 0.1 mm Cu 
+ 1 mm Al additional filtration.  The advantage of additional filtration was clear.  It 
absorbed the low energy photons, which only contributed to radiation dose and not 
to image formation.  These results showed that additional filtration seemed 
necessary for all neonatal chest x-ray exposures.   
 
Image 7 was also had additional filtration, but at a higher mAs of 3.2 mAs compared 
to 2 mAs for the other filtered images.  It resulted in an increased ESD of 26.3 ± 1.3 
µGy for the image.  The image was ranked fifth on ESD.  Image 5 was also ranked 
fifth, with an ESD of 26.4 ± 1.3 µGy.  The ESD difference between these images was 
not statistically significant.  The images that were ranked fourth were images 4 and 
9.  These images were obtained with the same exposure factors.  Image 9 was a 
processed version of the raw image 4 and therefore these images had the same 
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ESD of 25.8 ± 1.3 µGy.  The worst image, based on ESD only, was the standard 
exposure image, Image 1.  This image had an ESD of 44.0 ± 2.2 µGy, which was the 
highest dose obtained in the final exposure set. 
 
These results proved that all of the exposures in the final exposure set were 
obtained at ESDs lower than that of the standard exposure (50 kV, 2 mAs, 100 cm 
FFD, fine focus, inherent filtration).  All of these exposures therefore achieved the 
objective of the current study, i.e. to reduce the radiation dose per chest x-ray to a 
lower quantity, compared with standard procedure. 
 
The ESD ranking of the images, from best to worst, was therefore image 6, 2 & 8, 3, 
4 & 9 and 7 & 5.  As the ESDs of these exposures were acceptable, it was 
necessary to evaluate the clinical acceptability of these images.  The cancer 
induction risks for these exposures also had to be evaluated. 
 
Images were evaluated on quantitative and visual quality and they were ranked 
accordingly.  The quantitative image quality results are included in Table 4.20. 
 
A higher value for the SNRs, SDNRs and CNR was indicative of a better image. 
Image 6 was considered the best image here and was ranked first.  It had a SNR 
healthy lung of 43.6, SNR sick lung of 78.7, SDNR healthy lung of 23.2, SDNR sick 
lung of 2.5 and CNR of 32.6.  The SNR healthy and sick lung in images 1 and 9 were 
similar to those of image 6.  Images 1, 7, 8 and 9 had comparable SDNR healthy 
lung values.  The SDNR sick lung in Images 5 and 8 were also similar to that of 
Image 6.  Some of these values were slightly larger than those of Image 6.  The 
CNR of Images 2, 3, 4 and 5 was larger than that of image 6.  Image 6 was preferred 
above Images 1 and 9 based on its higher SDNR sick lung of 2.5 compared to 0.5 
and 0.8 respectively. 
 
Image 1 was ranked second.  It was slightly better than Image 6 on SNR sick lung, 
86.3, and comparable, on SNR and SDNR healthy lung and CNR.  Only its SDNR 
sick lung was poorer than that of Image 6.  Image 9 was placed third.  It was poorer 
than image 1 in SNR sick lung.  All the other results compared well with that of 
Image 1.   
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Image 7 was better on SDNR sick lung and CNR, while Image 8 was better on SNR 
healthy and sick lung.  The SDNR healthy lung results for the two images were 
comparable.  Based on SDNR sick lung, 3.0 for Image 7 and 2.1 for Image 8, Image 
7 was ranked fourth and Image 8 was placed fifth.  As signal differences between 
Agar gel mix and the simulated sick lung were not large, i.e. the sick lung was not 
clearly visible on the images of the phantom, this criterion was considered most 
important.  A slight difference in image quality was therefore most likely to show in 
this ratio. 
 
Image 4 had a SNR healthy lung comparable to that of Image 5.  The SNR healthy 
lung of Image 3 was comparable to that of Image 2.  The SDNR healthy lung of 
Image 4 was slightly lower than that of image 3, but higher than that of image 5.  
Image 2 had the lowest SDNR for healthy lung.  The SDNR for sick lung in Image 4 
was comparable to that of Image 5.  These values for images 2 and 3 were lower 
than the values for Images 4 and 5 but similar to each other.  The CNR for image 2 
was the highest.  The CNR of Image 5 was higher than Image 4 but lower than 
Image 3.  The SNR sick lung was highest for Image 3, followed by Images 4 and 5, 
which had comparable results.  The SNR sick lung for Image 2 was the lowest.  
Image 2 was better than Image 3 on CNR, comparable to Image 3 on SNR healthy 
lung and SDNR sick lung and worse than Image 3 on SNR sick lung.  The results for 
Image 3 were overall better than those of Images 4 ad 5 and therefore Image 3 was 
ranked sixth.   
 
Images 4 and 5 were better than image 2 on SNR sick lung and SDNR healthy and 
sick lung and worse on SNR healthy lung and CNR.  Image 5 was better than Image 
4 on CNR, 96.6 versus 78.4, and it also had a better SDNR sick lung.  Image 5 was 
therefore ranked seventh and image 4 was placed eighth.  Image 2 was 
quantitatively the poorest image.  Although it had the highest CNR, it had the lowest 
results for SNR sick lung and SDNR healthy lung.  
 
The overall quantitative image quality ranking, form best to worst, was therefore 
image 6, 1, 9, 7, 8, 3, 5, 4 and 2. 
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The visual image quality was assessed by independent medical physicists and 
radiographers.  The results of the scoring by different observers are included in 
Table 4.21.  The final exposure set of images are included in Figure 5.10, on pages 
184 and 185.  Enlarged copies of the images are included as Appendix C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a.) b.) 
c.) d.) 
e.) f.) 
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Figure 5.10: a.) Image 1, 50 kV, 2 mAs, inherent filtration, processed.  b.) Image 2, 
60 kV, 2 mAs, 0.1 mm Cu + 1 mm Al filtration, raw.  c.) Image 3, 64 kV, 2 mAs, 0.1 
mm Cu + 1 mm Al filtration, raw.  d.) Image 4, 61 kV, 0.8 mAs, inherent filtration, 
raw.  e.) Image 5, 62 kV, 0.8 mAs, inherent filtration, raw.  f.) Image 6, 57 kV, 2 
mAs, 0.1 mm Cu + 1 mm Al filtration, processed.  g.) Image 7, 57 kV, 3.2 mAs, 0.1 
mm Cu + 1 mm Al filtration, processed.  h.) Image 8, 60 kV, 2 mAs, 0.1 mm Cu + 1 
mm Al filtration, processed.  i.) Image 9, 61 kV, 0.8 mAs, inherent filtration, 
processed.     
 
 
Table 4.20 showed that all of these images were obtained at reduced radiation 
doses.  To meet the aim of the current study of reducing radiation dose with 
maintenance of acceptable clinical image quality an average total image quality 
score of at least 11 was required, i.e. the score of Image 1.  Image 1 was the 
standard exposure image obtained with 50 kV, 2 mAs, 100 cm FFD, small focus and 
inherent filtration, a process followed at Tygerberg Academic Hospital to image 
neonates.   
g.) h.) 
 
i.) 
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The visual image quality of the neonatal chest simulation phantom was assessed by 
eleven independent observers, i.e. practising medical physicists and radiographers.  
The results are recorded in Table 4.21.  The table shows that the total visual image 
quality scores, averaged over the 11 observers, ranged between 11 and 14 for the 
different images.  The scoring criteria in Table 3.2 were used by the observers.  The 
results of the scoring implied that the aim of the current study was indeed met in all 
of these exposures, i.e. the obtained image quality was maintained at a reduced 
radiation dose.  Any one of these exposures was therefore acceptable for neonatal 
chest x-ray imaging.  The final aspect to consider was the risk for cancer induction, 
an inherent part of this study. 
 
Image 3, Figure 5.10 c.) on page 184, and Image 7, Figure 5.10 g.) on page 185, 
had the highest total averaged scores of 14.  Image 3 was a raw image obtained at 
64 kV, 2 mAs, 100 cm FFD, small focus with added 0.1 mm Cu + 1mm Al filtration.  
The total scores of most of the observers were comparable, ranging within ± 15% of 
the total average score, i.e. 13 - 16.  Observers 2 and 11 scored the image slightly 
lower.  Most observers saw all three of the sternal blocks.  The central line was clear 
across the entire phantom for most of the observers.  Observers 5 and 7 saw the 
medial outline of the sick lung.  None of the observers could see the sick lung.  For 
all of the observers the posterior ribs were visible behind the healthy lung. None of 
the observers saw the healthy lung as black lung.  Based on the criteria the image 
was therefore definitely usable and an overall score of more than 2 was expected.  
Overall scores of 3 and 4, i.e. acceptable and good, were indicated.  The highest 
total score of 16 was allocated by observer 7.  These results indicated that the image 
was indeed an acceptable option visually for all of the observers. 
 
Image 3 was obtained at an ESD of 22.8 µGy, which was about 48% less than that 
of the standard exposure.  However, it was a raw image, which implied selection of 
UM Chest Paediatrics on the readout computer.  The readout process defaulted to 
UNIQUE Chest Portable, i.e. processed images, and the extra step in the imaging 
process would have to be communicated to all staff that image neonates.  It was also 
acquired with additional 0.1 mm Cu + 1 mm Al filtration.  The filtration was not 
available as a standard feature on the mobile x-ray units currently used to image 
neonates.  Plates of copper and aluminium could be fixed to the exit window, as was 
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done for the experimental acquisition of these images, but it was another extra step 
in the imaging process.  As mentioned in Section 3.4 external filters which can be 
fitted onto these units and x-ray units with additional filtration incorporated on a 
selection dial, is available commercially.  Exposures with these parameters were 
therefore possible, requiring extra effort from the imaging radiographers. 
 
Figure 5.10 g.) on page 185 shows Image 7 which also had an averaged total score 
of 14.  It was a processed image obtained at 57 kV, 3.2 mAs, 100 cm FFD, small 
focus and with 0.1 mm Cu + 1 mm Al additional filtration.  Observers 7 and 9 
allocated total scores of 17 for the image.  Only observer 5 did not see all the sternal 
blocks clearly.  The central line was totally visible for most of the observers.  The 
medial outline for the sick lung was seen by observers 5, 7, 9 and 10.  The posterior 
ribs were clearly visible behind the healthy lung for most of the observers.  According 
to observers 4, 7, 8 and 9 the image was very good overall, with a score of 5 for this 
criterion.  The exposure was made at an ESD of 26.3 µGy, about 40% less than the 
standard exposure dose.  As it was a processed image, special intervention with 
readout was not needed.  However it did need additional filtration.  
 
For visual image quality ranking, Images 3 and 7 were compared.  Image 7 was 
scored better than image 3 by more observers.  Image 7 got 5 scores, which Image 
3 did not.  Image 7 scored 2 and 3 for central line visibility.  According to these 
allocations Image 7 was ranked first and Image 3 second, although both had an 
average total score of 14.  Both of these images were visually better than the 
standard exposure image.  It did not only meet the aim of the current study, but 
advanced it by achieving reduced radiation dose and improved image quality at the 
same time.  Image 7 was obtained at an ESD of 3.5 µGy more than image 3, but the 
improved visual image quality and the fact that it was a processed image justified the 
slight increase in ESD.  The ESD of Image 7 was still significantly less than that of 
the standard exposure, or Image 1. 
 
The next highest total score, averaged over the 11 observers, was 13.  It was 
achieved by Images 2 and 5, Figures 5.10 b.) and e.) on page 184, and Image 8, 
Figure 5.10 h.) on page 185.  Image 2 was a raw image acquired with 60 kV, 2 mAs, 
100 cm FFD, small focus and additional filtration of 0.1 mm Cu + 1 mm Al.  The 
Chapter 5 – Discussion 
Stellenbosch University  http://scholar.sun.ac.za
188 
 
same factors were used to acquire image 8, a processed image.  Image 5 was 
obtained with 62 kV, 0.8 mAs, 100 cm FFD, small focus and inherent filtration as a 
raw image. 
 
In Image 2 all the observers were able to see all three of the sternal blocks.  The 
central line was also completely visible, except for observers 9 and 11.  The medial 
outline of the sick lung was seen by observers 5, 7 and 10.  The posterior ribs behind 
the healthy lung were clearly visible only to observers 6, 7, 9 and 11.  Black lung was 
not observed by any of the observers, but the score of 1 for healthy lung implied 
weaker overall scores.  Observers 4 and 9 and observer 5 scored the image as poor 
and not good respectively.  Observer 7 scored the image the highest, i.e. 16.  The 
ESD for the image was 19.1 µGy, about 56% lower than that of the standard 
exposure image and its visual image quality was evaluated as higher than that of the 
standard exposure image.  It was acquired as a raw image with additional filtration, 
so the additional commitments from the imaging radiographers, as described above 
for such acquisitions, were again needed. 
 
In the case of Image 5, the three sternal blocks were not clear to all observers.  The 
visibility of the central line was also slightly poorer than in Image 2, since four 
observers could not see them across the spinal column.  Observers 5, 7 and 10 did 
see the medial outline of the sick lung, as in Image 2.  In this image the posterior ribs 
were clearer behind the healthy lung than in Image 2.  Overall the image was 
acceptable or good, except for observers 4 and 9 who scored it as not good.  Image 
2 had poor scores overall and was scored lower than Image 5.  The ESD of image 5 
was 26.4 µGy, about 40% lower than that of the standard exposure.  The image was 
also a raw image, with the additional requirement of selecting UM Chest Paediatrics 
on readout, but it was obtained with inherent filtration and therefore did not require 
the addition of filtration plates or a commercial filtration system.  Image 2 was ranked 
better than image 5, i.e. third versus fourth, for overall visual image quality. 
 
Image 8 was poorer than images 2 and 5, although it also had a total score of 13.  
Most of the observers could see all three sternal blocks clearly in this image.  The 
central line was less visible in the image.  A score of 1 was given by observers 2, 3 
and 6, while observers 9 and 11 scored it as 2.  The rest of the observers saw the 
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entire central line clearly.  The medial outline of the sick lung was seen by only two 
observers.  Healthy lung scores were good, with the posterior ribs either clearly or 
partially visible behind the healthy lung.  Overall the image was poor according to 
observer 6 and observers 1 and 10 decided that the image was not good.  The ESD 
for Image 8 was also 19.1 µGy, the same as for Image 2, as these images were 
obtained within the same parameters.  Image 8 was processed and Image 2 raw.  It 
could be derived from the results that the raw image was preferred.  Image 8 was 
ranked fifth.  Image 8 was also obtained with additional filtration, so although the 
readout process was the same as the radiographers were used to, additional 
filtration plates or a filtration system or a new mobile x-ray unit with available 
additional filtration was needed.  None of the observers gave Images 2, 5 and 8 an 
overall score of 5, which showed that these images were visually poorer than Image 
7.   
 
Image 6, Figure 5.10 f.) on page 184, and image 4, shown in Figure 5.10 d.) on page  
184, had the same averaged total score of 12.  Image 6 was ranked sixth and Image 
4 was ranked seventh on visual image quality.  The sternum visibility of Image 6 was 
better than that of Image 4.  With image 6 all three the sternal blocks were clearly 
visible to eight of the observers.  In Image 4 three sternal blocks were clearly visible 
to six observers.  The central line scored 2 and 3 for all the observers in Image 6, 
except for observer 1 who saw it towards the healthy lung only.  It was also the case 
with Image 4, where observer 2 did not see it at all.  The sick lung’s medial outline 
was seen by observer 5 in Image 4 and by observer 7 in Image 6.  The healthy lung 
in Image 4 was scored 1, i.e. the posterior ribs were not clear, as decided by 
observer 3.  Image 6 had five scores of 3 and six scores of 2 for healthy lung.  Three 
observers decided that Image 4 was not good, seven considered it acceptable and 
observer 5 stated it was good.  Observer 6 scored Image 6 as poor.  Four observers 
scored it as not good, two as acceptable and four as good.  The lowest total score 
for image 6 was from observer 11, i.e. 7, and the highest scores were 15, by 
observers 4 and 8.  A total score of 7 was also the lowest score for image 4 by 
observer 3, while observer 2 scored it as 8 in total.  The best score for the image 
was 14 by observers 7 and 10.  Image 4 was therefore visually poorer than Image 6. 
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Image 4 was acquired with 61 kV, 0.8 mAs, 100 cm FFD, small focus and inherent 
filtration.  It was a raw image with an ESD of 25.8 µGy, about 41% less than the 
standard exposure.  Image 6 was acquired with 57 kV, 2 mAs, 100 cm FFD, small 
focus and 0.1 mm Cu + 1 mm Al additional filtration at the lowest ESD of 16.2 µGy, 
which was about 63% less than that of Image 1, the standard exposure image.  
Image 6 was better than Image 4, based on ESD and visual image quality, although 
both images had total average visual image quality scores of 12.  Analysis of Image 
6 showed that its visual image quality was better than that of Image 4, and it was 
obtained at 9.6 µGy less.  Image 4 was raw and image 6 processed, therefore it was 
easier to obtain Image 6, from a readout perspective.  However, Image 6 was 
obtained by means of additional filtration and Image 4 with inherent filtration, 
therefore additional effort was needed to acquire Image 6.  For both of these images 
the overall averaged visual image quality was still better than that of the standard 
exposure image. 
 
The standard exposure image, Image 1, in Figure 5.10 a.) on page 184, and Image 
9, in Figure 5.10 i.) on page 185, had the same averaged overall visual image quality  
scores of 11.  It implied that even Image 9, which was ranked ninth, was still 
acceptable in terms of the aim of the current study, i.e. it had a reduced ESD of 41% 
less than that of the standard exposure, at an image quality that was visually 
comparable to that of the standard exposure image, i.e. an acceptable clinical image 
quality.  Image 1 was a processed image obtained at 50 kV, 2 mAs, 100 cm FFD, 
small focus with inherent filtration.  Image 9 was also a processed image acquired 
with 61 kV, 0.8 mAs, 100 cm FFD, small focus and inherent filtration.  Both of these 
images were obtained without any additional intervention in the acquisition and 
readout processes and did not require additional staff training or extra cost.  Image 1 
was ranked eighth.   
 
Image 9 was scored better on sternum visibility than Image 1.  Six observers saw the 
three blocks clearly.  In Image 1 only five observers saw all the blocks clearly.  More 
observers saw the central line with scores of 3 and 2 in Image 9 than did in Image 1.  
The medial outline of the sick lung was seen by observers 5 and 7 in Images 1 and 
9.  Based on this criterion the images were therefore comparable.  Image 1 obtained 
the highest score of 3 for healthy lung by all the observers. Most of the observers 
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scored Image 9 as 2.  Here Image 1 was again better than Image 9.  For the overall 
score Image 1 received a score of very good from observer 3 and a score of good 
from observers 1, 5 and 8.  The highest overall score achieved by Image 9 was 3, 
i.e. acceptable.  Only images 1 and 7 reached overall scores of 5 from some 
observers. 
 
The visual image ranking, based on the scores by the eleven independent 
observers, was therefore, from best to worst, image 7, 3, 2, 5, 8, 6, 4, 1 and 9. 
 
Differences in scoring among the observers were evaluated.  The results showed 
that observer 7 allocated the highest scores to six of the nine images. The total 
scores for observer 7 were also higher than the total score averaged over all the 
observers, except for images 6 and 9.  The lowest scores for the sternum were most 
often allocated by observer 5.  None of the other observers allocated such low 
scores to the sternum criterion.  The central line was not seen by observers 2, 11 
and 7 in certain images.  The black lung criterion, i.e. posterior ribs were not visible 
behind the healthy lung, was seen by observer 7 in Image 9 only.  The medial outline 
of the sick lung was seen by observers 5 and 7 in every case.  Observer 7 generally 
gave higher scores in other criteria.  These variations could be attributed to 
differences in viewing conditions and eyesight.  Such differences were also possible 
in radiology at Tygerberg Academic Hospital, implying that images that were better 
for some radiologists could be seen by others as poorer.   
 
Observer differences will exist, it is impossible to find an image that would appeal to 
all observers similarly, so the image that was acceptable to most observers had to 
be sought.  Image 7, which was ranked first visually, was such an image.  It had a 
minimum and maximum total score by all observers of 12 and 17 respectively.  It 
was seen as the same as, or better than, the standard exposure image, i.e. none of 
the observers scored it lower than the standard exposure image. 
 
The overall averaged visual image quality results showed that images obtained by 
means of additional filtration of 0.1 mm Cu + 1 mm Al were generally ranked better 
than those obtained with inherent filtration.  The images ranked first, second, third, 
fifth and sixth were obtained with the additional filtration.  Ranks 7, 8 and 9 were for 
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inherent filtration acquisitions.  Only image 5, obtained with inherent filtration, was 
ranked fourth.  Greater ESD reductions were found in the case of additional filtration, 
except for image 7, ranked first visually, which had an ESD reduction comparable to 
that obtained with the inherent filtration acquisitions.  In producing this image a 
higher level of improvement in visual image quality was achieved, compared with the 
standard exposure, and this could be considered a success of this study.  The 
results showed that the effect of the added filtration contributed to a substantial 
reduction in dose while not reducing image quality.  
 
The complete sick lung was not visible in any of the images, due to the similarity in 
density between Gammex solid water and Agar gel mix.  The grey scale values of 
these structures were therefore much the same.  It explained the small differences in  
ROI signals in these areas and the associated small SDNR sick lung values under 
quantitative analysis.  Small changes in image quality were therefore most 
pronounced with this criterion.  It was confirmed with image 7, the best image 
visually, in which case four observers saw the medial outline of the sick lung.  In the 
case of Image 2, which was ranked third visually, three observers allocated a score 
of 1 to the sick lung criterion.   
 
Quantitative image quality was compared for the two phantoms in Table 4.22.  
Overall, the quantitative image quality ranking for the two phantoms was acceptably 
comparable, i.e. images that were considered to be better quantitatively in respect of 
the neonatal chest simulation phantom and had the same rating as the physics 
image quality assessment phantom.   
 
Image 1, obtained with the standard exposure factors, was quantitatively the better 
image and ranked first and second for the neonatal chest simulation and physics 
image quality assessment phantoms respectively.  In Image 3 both phantoms were 
ranked sixth.  Image 4 was overall the poorest image quantitatively, with eighth and 
ninth position for the neonatal chest simulation and physics image quality 
assessment phantoms respectively.  It was preceded by Image 5, which again had 
comparable results in position seventh, for the neonatal chest simulation phantom, 
and eighth, for the physics image quality assessment phantom.  A comparable result 
was also shown in Image 8, ranking fifth and fourth respectively for the neonatal 
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chest simulation phantom and the physics image quality assessment phantom.  For 
Image 9 the ranking results for the two phantoms were the same, i.e. third place.  
Image 2 had the worst quantitative image quality for the neonatal chest simulation 
phantom and was ranked seventh for the physics image quality assessment 
phantom.  Although these results were not as close as those of the images 
discussed previously, it was, overall, still not a good image quantitatively.  This was 
also seen in the case of Image 7, which was ranked fourth in the case of the 
neonatal chest simulation phantom and second for the physics image quality 
assessment phantom.  The biggest difference in ranking between these phantoms 
was in respect of Image 6.  The best quantitative image quality ranking for the 
neonatal chest simulation phantom was achieved in respect of Image 6, but the 
image was ranked fifth within the case of the physics image quality assessment 
phantom. 
 
Overall the quantitative image quality rankings of the neonatal chest simulation and 
physics image quality assessment phantoms were therefore comparable.  
Comparable results in two different phantoms highlighted that the obtained image 
quality, with the final exposure set, was indeed clinically acceptable therefore in line 
with the aim of the current study.  To achieve the aim of the current study fully, 
cancer induction risks now had to be considered. 
 
Table 5.1 shows all of the rankings, for the physics image quality assessment 
phantom and the neonatal chest simulation phantom, discussed in the preceding 
sections. 
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Table 5.1: Overall rankings for the images of the final exposure set for different 
criteria. 
 
 
 
5.5 Uncertainties in dose measurements 
 
 Uncertainty in measuring absolute doses, i.e. ESDs, included random and 
systematic uncertainties as explained in Section 3.5.  The random uncertainties were 
classified type as type A and can be determined by repeated measurements.  The 
sources of the random uncertainties included uncertainty in the positioning of the 
phantom and detector, i.e. experimental errors, the response of the detector, i.e. 
instrumental measurement errors, and the stability, reproducibility and linearity of the 
x-ray tube.  By performing the measurements repeatedly, as shown in Table 4.23, all 
of these sources of random error were taken into account.  An estimation of random 
error in the measurements was 0.5%.  Table 4.23 clearly shows that there were no 
outlying results.  Systematic uncertainty was included in the measurements due to 
the uncertainty in the calibration factor of the detector.  This was estimated as 5%, 
provided by information on the calibration certificate of the detector.   
 
The random and systematic uncertainties were combined using Equation 3.4 and the 
total uncertainty was 5%.  The random uncertainties measured much lower than the 
value of the systematic uncertainty.  The effect of the former was thus negligible. 
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5.6 Cancer induction risk calculation 
 
Exposure of a neonate to x-ray radiation could increase the risk of cancer, 
such as leukaemia3, developing in the young child.  The risk is stochastic in nature, 
i.e. no threshold dose exists below which cancer induction cannot occur.  Therefore 
any dose of radiation, regardless of how small, has a chance of inducing cancer in 
the child.  As neonates have a relatively longer life expectancy and higher sensitivity 
to radiation, these radiation risks should be minimised, i.e. the ALARA principle 
should be upheld. 
 
The risk for cancer induction is calculated as the product of the effective dose and 
the ICRP published risk factors for the irradiation of children and foetuses.  Risks for 
cancer induction are expected to be higher for babies than for adults, due to their 
increased radiosensitivity and longer life expectancy.2 These factors are 
representative of the average population, and as radiosensitivity varied among 
individuals, the factors were over- and underestimations for certain individuals.19  The 
risk factors for foetal irradiation assumed whole body exposure to radiation15, and 
with neonatal chest AP x-ray imaging, this was not the case.  The risks for cancer 
induction in the child based on these factors were therefore overestimations. 
Calculated cancer induction risks represented the risk up to the age of 15 years, but 
the life time risk could be two to four times higher, according to Chapple et al32.  It 
was therefore clear that these risks could not be ignored and that every effort had to 
be made to decrease the risk for cancer induction, as mentioned in literature3,31,32 
The current study also aims to achieve this.   
 
Huda2 and Roebuck19 suggested that effective dose should be used to estimate the 
cancer induction risk.2,19  The effective dose can be calculated with Equation 2.1, as 
suggested by Roebuck19, using published tissue weighting factors14.  It can also be 
derived from the measured ESD using conversion coefficients published by the 
NRPB in report R26252. 
 
NRPB conversion coefficients52 are based on ICRP Publication 60, considering adult 
tissue weighting factors only.  ICRP Publication 103 has tissue weighting factors 
representative of the average population, taking different ages and gender into 
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account.  More accurate and neonatal appropriate risks can be calculated if 
conversion coefficients based on ICRP Publication 103 are used.  It is available in 
the PCXMC computer program55 which costs in the region of R 7 500 and could not 
be purchased for the current study.  The aim of this dissertation was to investigate 
whether cancer induction risk reduction was achievable and therefore, although the 
calculated risks are based on adult data using the NRPB conversion coefficients, 
trends in risk increases or reductions were still observed. 
 
Applying the above mentioned method the results for 9 images were recorded in 
Table 4.24 where it was shown that the risk for cancer induction, for an average of 
15 chest AP x-rays, was 1.8 - 8.3 and 6.4 - 9.6 per million for Image 1, with foetal 
and child ICRP risk factors respectively.  Image 1 was the standard exposure, i.e. 50 
kV, 2 mAs, 100 cm FFD, small focus and inherent filtration that was routinely used to 
image neonates at Tygerberg Academic Hospital.  The aim was therefore to obtain 
an exposure with a risk lower than that of Image 1. 
 
It was found that the risks for Images 3 and 7 were comparable to that of Image 1, as 
shown in Table 4.24, although these images were obtained at ESDs of about 48% 
and 40% lower than that of Image 1 respectively.  The results in Table 4.24 were 
calculated with the available conversion coefficients in the NRPB tables, i.e. the 
coefficient for 2 mm Al filtration was used for inherent filtration of 1.5 mm Al and that 
of 5 mm Al was used for additional filtration, which was equivalent to 6 mm Al.  The 
coefficient for 1.5 mm Al filtration was expected to be lower than the one at 2 mm Al 
filtration, therefore the risk with such an exposure was also expected to be lower.  An 
estimation, based on extrapolation of data, would be about 1.6 - 7.6 and 5.8 - 8.7 per 
million of the population for foetal and child risk factors for Image 1 for 15 chest AP 
x-rays.  Similarly, the coefficient for 6 mm Al filtration was anticipated to be larger 
than that of 5 mm Al filtration, which would result in a higher risk for images 3 and 7.  
It was probably 1.8 - 8.2 and 6.3 - 9.4 per million for image 3 and 1.9 - 8.7 and 6.7 - 
10.0 per million for Image 7 for foetal and child risk factors respectively, again based 
on extrapolation of the conversion coefficients.  These were estimations only. 
 
It meant that the risks calculated for Images 3 and 7 could potentially be higher than 
that of Image 1.  Since it was the aim of the current study to reduce the risk for 
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cancer induction, these exposures, for Images 3 and 7, were therefore not 
acceptable,  confirming that ESD and image quality analysis alone were not the only 
aspects  to be considered.  A 40 - 48% reduction in ESD with an associated 
improvement in visual image quality from the standard exposure resulted in a higher 
risk for cancer developing in the young child, contradictory to what was expected.  It 
was expected that such a dramatic ESD reduction would imply a lower cancer 
induction risk, but the conversion coefficients were kV and filtration dependent, and 
were larger at higher kV and filtration values, which resulted in larger effective doses.  
Therefore cancer induction risk analysis was of utmost importance. 
 
The image that was ranked second overall in Table 4.12, Image 2, had a lower risk 
for cancer induction than Image 1.  The risk with foetal risk factors was 1.4 - 6.3 per 
million and with child risk factors it was 4.9 - 7.3 per million for 15 chest AP x-rays.  
The visual image quality for the image was ranked third and the ESD ranking was 
second in Table 4.12, but the acquisition again posed raw image and additional 
filtration challenges.  However, these challenges could be overcome, and the cancer 
induction risk reduction from the standard made the exposure an option for 
recommendation. 
 
Table 4.12 shows that Image 6 was ranked fourth overall.  This image had a 
significant risk reduction compared with Image 1, as shown in Table 4.24.  The risk 
was also lower than that of Image 2.  The risk for cancer induction for Image 6 was 
0.7 - 3.3 per million and 2.5 - 3.8 per million, as calculated with foetal and child ICRP 
risk factors, lower than that of Image 1.  Visually the image was ranked sixth, 
although the visual image quality was still slightly higher than that of Image 1, and it 
was obtained at the lowest ESD.  It was a processed image, and obtaining extra 
filtration remained a problem.  Due to the larger risk reduction and processed 
readout method, Image 6 was deemed better than Image 2 and was an option for 
recommendation. 
 
Image 8 was ranked fifth overall in Table 4.12.  Visual image quality was ranked fifth 
and ESD second.  The cancer induction risk indicated in this exposure was the same 
as that of Image 2.  The visual image quality of Image 2 was ranked higher than that 
of Image 8, although the total visual image quality score of Images 2 and 8 was 13, it 
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was still lower than that of Image 1.  Image 8 was a processed image, therefore 
readout intervention was not required, but it also needed additional filtration.  Image 
8 was considered to be better than Image 2, as a result of this, but poorer than 
Image 6, which had a greater risk reduction. 
 
In Table 4.12 Image 5 was ranked sixth overall, with a fourth position for visual 
image quality, a total visual image quality score of 13, and a fifth position for dose.  
The cancer induction risk suggested in the image was slightly higher than that of 
Image 6 and somewhat lower than that of Images 2 and 8, as Table 4.24 shows.  
Image 5 was acquired as a raw image with inherent filtration.  No additional filtration 
was needed, as for Images 2 and 8, but raw readout intervention was required.  
Image 5 was considered better than Images 2 and 8.  These three images had the 
same visual image quality score, but the cancer induction risk shown in Image 5 was 
slightly lower and did not require additional filtration. 
 
The image that was ranked seventh overall in Table 4.12 was Image 4.  Image 9 was 
ranked eighth overall.  Image 4 was a raw version of Image 9, therefore these 
images had the same cancer induction risk of 1.3 - 5.9 per million for foetal risk 
factors and 4.6 - 6.8 per million for child risk factors.  The risk was comparable to 
that of Image 5, and lower than that of Image 1, as Table 4.24 shows.  These images 
were acquired with inherent filtration.  The visual image quality of Image 4 was lower  
than that of Image 5, i.e. it was ranked seventh visually with a total score of 12, but it 
was higher  than that of Image 9, which was ranked ninth visually.  The visual image 
quality total score of Image 9 was still comparable to that of Image 1.  Image 9 was 
now deemed better than Image 4, although its image quality was slightly lower, as it 
did not require any readout or additional filtration intervention.  Image 9, overall 
ranked eighth in Table 4.12, was obtained at an ESD of about 41% less than the 
standard exposure.  It had an acceptable clinical image quality and was comparable 
to the standard exposure routinely used and showed a cancer induction risk lower 
than standard exposure. 
 
None of the risks were higher than that of the standard exposure in Table 4.24, being 
either comparable or lower.  However, it was important to remember that these risks 
were calculated with 2 mm and 5 mm Al equivalent filtration conversion coefficients 
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and that 1.5 mm and 6 mm Al equivalent filtration were actually used.  The risks for 
inherent exposures were expected to be lower than those in Table 4.24 and those for 
the additional exposure images were expected to be higher than those shown in 
Table 4.24.  Except for Images 3 and 7, the risks in Table 4.24 were substantially 
reduced from that of Image 1.  The other exposures in the final exposure set were 
therefore considered possible options for recommendation to the diagnostic 
radiology department at Tygerberg Academic Hospital. 
 
It was decided that the best option for recommendation was Image 6.  Images 5, 8, 
2, 9 and 4 were also options.  Image 1 was the standard and the aim was to improve 
on the exposure.  Images 3 and 7 were not considered feasible options, due to the 
possibility of increasing cancer induction risk to above the standard exposure.   
 
The obtained results were compared with literature.  The derived optimised 
exposures were acquired with 57 - 62 kV, 0.8 - 2 mAs, 100 cm FFD, small focus with 
or without 0.1 mm Cu + 1 mm Al additional filtration.  Additional filtration, kV ranges 
around 60 kV and a FFD of between 80 and 150 cm were recommended in 
literature.14,21,28,29,30,31  The acquisition protocols of the proposed optimised 
exposures were therefore well in agreement with these researchers.  The measured 
ESDs were 16.2 - 26.4 µGy with a 0.5% uncertainty.  The measured doses in the 
current study were much smaller than those reported by most researchers.14,15,21,28,30  
The results from the current study agreed to a great extent with that of Armpilia et 
al31, 18 - 58 µGy, and Makri et al3, who reported ESDs of 44 ± 16 µGy. 
 
These ESD values were used to obtain effective doses, which ranged between 8 - 
40 µSv per chest x-ray as calculated by means of the Child Dose program.14,15,30  For 
the derived optimised exposures the effective doses were about 3 µSv.  The lower 
effective dose was expected due to the NRPB conversion coefficients that were 
based on adult and not on neonatal data, but these were not available for 1.5 mm 
and 6 mm Al filtration.  The effective doses for neonates were expected to be higher 
than those for adults, due to relatively longer life expectancy, higher radiosensitivity 
and smaller body size, and higher in the case of increased Al filtration.  For the 
current study the minimum to maximum risk per million of the population per x-ray 
was 0.1 - 0.5.  The risks mentioned in literature were generally higher.3,14,15,30,31,32  
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Monte Carlo simulations and the Child Dose program were used by these 
researchers, while NRPB conversion coefficients were used in the current study.     
 
 
5.7 Strengths and limitations of the project 
 
The first aim of this thesis was to design and construct a neonatal chest 
simulation phantom.  The constructed phantom proved to be a reasonable and 
practical anatomical representation of a real neonatal chest.  Radiologically it was a 
highly acceptable approximation, mimicking real-tissue density, elemental 
composition and attenuation, absorption and scattering characteristics.  The 
phantom allowed for experimentation and provided the opportunity to collect and 
analyse data, to reach conclusions and make recommendations and it was an 
improvement on the phantoms suggested in literature, as summarised in Section 2.4.  
The design of the phantom was based on medical physics principles, where 
attenuation, absorption and scatter coefficients were calculated and evaluated.  A 
muscle equivalent substitute material was developed as Agar gel mix.   
 
However, the phantom did have limitations.  The vertebral column was assumed 
solid.  A possible improvement would be the inclusion of a spinal cord, by drilling a 
hole through the solid column structure and filling it with Agar gel mix.  Vertebrae 
could also be simulated by separate cuboids, and not by a solid column structure.  
Machining limitations were restrictive in the construction of the neonatal chest 
simulation phantom.  If more intricate structure machining was available, an 
improvement would be more rounded structures and edges, making the phantom 
less rigid.  The sick lung simulated a completely collapsed lung in the neonatal chest 
simulation phantom, but in reality there are often still aerated areas in sick lungs.  It 
could be simulated by the introduction of aerated pockets in the sick lung.  The 
thickness of real lungs also varied over the area of the lungs.  More angled cuttings 
could be made on the simulation lungs to account for this to a greater extent.  For 
improved visual image quality analysis, more catheters and tubes could be included 
in the phantom.  
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All the exposures were performed on the neonatal chest simulation phantom, and 
although the phantom simulated a real neonatal chest anatomically and 
radiologically, the obtained recommendations and conclusions were not 
implemented on real neonatal patients.  Exposure of real neonates, according to the 
proposed protocols, and obtaining similar results would be a definitive test to prove 
the equivalence of the phantom to a real neonatal chest, and verify the results of the 
current study.   
 
The simultaneous evaluation of radiation dose and visual and quantitative image 
quality was also a strength of the study.  In many cases published in literature either 
dose or image quality was assessed separately.  The method of evaluation in this 
thesis implied that the recommended exposures resulted in a proven dose reduction, 
with associated maintenance or improvement of image quality.  The fact that certain 
exposures achieved a substantial improvement in the image quality compared with 
standard practice at Tygerberg Academic Hospital as was one of the strengths of 
this research. 
 
The current study also considered cancer induction risks calculations.  After an ESD 
reduction was established, with maintenance or improvement of image quality, it was 
necessary to evaluate the risk of inducing cancer in the young child.  It was possible 
that an exposure with ESD reduction could result in an increased risk for cancer 
induction, and this had to be avoided.  In the current study the importance of such 
evaluation was proved when it was established that the image that was ranked the 
best with regard to ESD reduction and overall total visual image quality could 
potentially have a higher risk for cancer induction. 
 
The study used NRPB Report R262 conversion coefficients to convert from 
measured ESD to effective dose.  These coefficients were based on ICRP 60 tissue 
weighting factors, which applied to adults only.  Neonates were more sensitive to 
radiation, experienced rapid cell division, had a small body size, which meant that 
organs at risk could be included in the primary x-ray beam, and had a relatively 
longer life expectancy than adults.  These coefficients underestimated the effective 
dose for neonates.  A possible solution was the Child Dose or PCXMC computer 
based programs for calculating effective doses from ESDs, as these programs used 
Chapter 5 – Discussion 
Stellenbosch University  http://scholar.sun.ac.za
202 
 
ICRP 103 tissue weighting factors, which were averaged over the entire population 
and were therefore representative of adults and children and of different gender.  
These programs also used neonatal or baby simulation phantoms for the 
calculations, and provided more appropriate and neonate specific results. 
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___________________________________________________________________ 
Chapter 6 
Conclusions and recommendations 
___________________________________________________________________ 
 
 
Only chest AP x-rays on neonatal patients were considered in the current 
study.  These investigations were done in order to assist in the diagnosis and follow-
up treatment of neonates, especially when the condition of the heart and/or lungs 
had to be examined radiologically.  As the cancer induction risk analysis of the 
current study showed, these exposures had a chance of inducing cancer in the 
young child.  The risk did not have a threshold dose, which meant that there was a 
risk for cancer developing in the child exposed to radiation as neonate.   
 
Neonates have a relatively long life expectancy, undergo rapid cell division and 
growth and are more sensitive to radiation.  Because of the small physical size of 
these patients the risk exists that organs in close proximity to the chest are included 
in the x-ray field.  Numerous x-rays are also taken of these babies, for the duration of 
their stay in hospital.  It is therefore clear that all exposures of these patients to x-
rays have to be justified and be in accordance with the ALARA principle.  
Optimisation of the exposure protocols used to image neonates can achieve this and 
it was accomplished in the current study. 
 
This dissertation had two aims.  The first was to develop a neonatal chest simulation 
phantom that simulated a real neonatal chest anatomically and radiologically.  The 
phantom presented in the current study was based on medical physics principles 
and neonatal cadaver anatomy for radiological and anatomical equivalence.  
Although limited by machining capabilities, the constructed phantom was superior to 
those presented in literature.  It was comparable to the Gammex RMI© 610 
anthropomorphic phantom.  The Gammex RMI© 610 phantom had more rounded 
edges, segmented vertebrae, curved ribs and a better presentation of a 
mediastinum, but the radiological equivalence of the phantom could not be 
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established.  In this regard, the presented neonatal chest simulation phantom was an 
improvement on the commercially available phantom. 
 
The second aim was to develop new exposure protocols that would be more efficient 
than the standard used routinely in Tygerberg Academic Hospital.  The new 
protocols had to achieve a lower ESD, while the clinical image quality had to remain 
at least the same as that of the standard exposure.  The risk for cancer induction of 
these new protocols also had to be lower than the standard exposure.  The current 
study showed that it was possible to obtain exposures at lower ESDs but with 
increased cancer induction risks, which defeated the aim of this thesis.  It was 
therefore of utmost importance that ESD, visual image quality and cancer induction 
risks had to be considered in conjunction with one another.  Since this aim was 
achieved in the current study the following recommendations could be made to the 
diagnostic radiology department at Tygerberg Academic Hospital. 
 
For chest AP x-rays on neonatal patients the current study found six possible 
exposures that decreased the ESD, maintained or improved the visual image quality 
and resulted in a reduced cancer induction risk compared to the standard exposure 
that was currently used.  From the final set of exposures these were: 
 
a.) Image 6 acquired with 57 kV, 2.0 mAs, 100 cm FFD, small focus, 1 mm Al + 
0.1 mm Cu additional filtration and processed readout. 
b.) Image 5 acquired with62 kV, 0.8 mAs, 100 cm FFD, small focus, inherent 
filtration and raw readout. 
c.) Image 8 acquired with 60 kV, 2.0 mAs, 100 cm FFD, small focus, 1 mm Al + 
0.1 mm Cu additional filtration and processed readout. 
d.) Image 2 acquired with 60 kV, 2.0 mAs, 100 cm FFD, small focus, 1 mm Al + 
0.1 mm Cu additional filtration and raw readout. 
e.) Image 9 acquired with 61kV, 0.8 mAs, 100 cm FFD, small focus, inherent 
filtration and processed readout. 
f.) Image 4 acquired with 61 kV, 0.8 mAs, 100 cm FFD, small focus, inherent  
filtration and raw readout. 
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Additional filtration was not available on the mobile x-ray units used for imaging 
neonates.  As discussed, it could be overcome by using copper and aluminium 
plates fitted to the exit window of the unit, or by purchasing a commercially available 
PMMA filter that can be fitted to the x-ray unit, or by motivating management to 
purchase a commercially available x-ray unit with additional filtration on a selection 
dial.  In order to obtain raw images a selection had to be made on the readout 
computer.  Staff therefore needed new information on, and training in, these new 
protocols. In the case of Image 9 this was not necessary, as the image was acquired 
with filtration and readout as routinely used.  It only had kV and mAs changes, which 
were easy to set on the mobile unit.   
 
These problems could be overcome, especially if the advantages of these proposed 
exposures were considered.  Dose and cancer induction risk reductions were 
successfully achieved and therefore recommended.  The visual image quality of 
Image 9 was maintained, compared to the standard exposure, and that of Images 6, 
5, 8, 2 and 4 was improved.  By producing these images and by enhancing visual 
image quality in certain cases, as compared to standard use, the aim of the study 
was achieved. 
 
Recommendations on how to change the current standard exposure protocols for x-
ray imaging of neonates were based on a phantom that was an anatomical and 
radiological simulation of a real neonatal chest, sound medical physics principles and 
thorough experimental work.  Based on these recommendations the Diagnostic 
Radiology Department at Tygerberg Academic Hospital could consider any of the 
options mentioned above for the imaging of neonatal chests, depending on 
availability of funds for filtration, staff willingness for raw-image readout training and 
radiologists’ acceptance of looking at images that were slightly different to what they 
were used to.  To achieve this, educational sessions could be arranged to inform 
staff of the results of this dissertation and of the importance of the ALARA principle.   
 
Neonatal sensitivity to radiation is proved in literature, as is the stochastic nature of 
cancer induction in the young child due to exposures to radiation as a neonate. As 
seen in studies available in literature, radiation dose reduction, image quality and 
cancer induction risk analysis were generally not investigated in conjunction with one 
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another. Dose and image quality were examined, but without considering the 
implications of cancer induction, which the current study clearly proved to be 
essential for realistic results.  Dose and image quality analysis alone was not enough 
since it was shown in this study that it is possible to decrease the delivered dose and 
improve the image quality, but at a higher risk for cancer induction. 
 
Implementation of the derived optimised protocols in practice would confirm the 
obtained results for neonatal chest AP x-rays clinically.  Such clinical proof would 
warrant similar studies on other types of x-ray investigations on neonates, but it 
should also be extended to all x-ray imaging of all patients.  The ALARA principle 
should be the foundation for x-ray imaging in a diagnostic radiology department.  By 
applying the recommended exposure protocols, this foundation would be reaffirmed 
by reducing the danger of cancer induction as far as possible during repeated chest 
AP x-rays of neonates under medical care. 
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Appendix B:  Calculation of Agar gel mix mass fraction by weight 
 
 
Atomic weights: 
C 12.011 
H 1.0079 
O 15.999 
 
Molecular weights:  
                                                         
Agar  306.2652 g/mol 
Sucrose 342.2948 g/mol 
Water  18.0148 g/mol 
 
Mole: 
     
      
               
 
Agar (4 g)  1.306x10-2mol 
Sucrose (10 g) 2.921x10-2mol 
Water (86 g)  4.774 mol  
 
Molecules: 
                 where   is Avogadro’s constant, i.e. 6.0221415x10
23.  
Agar  7.865x1021 
Sucrose 1.759x1022 
Water  2.875x1024 
 
Atoms: 
                                             
Agar – C  9.438x1022 
Agar – H  1.416x1023 
Agar – O  7.079x1022 
Sucrose – C  2.111x1023 
Sucrose – H  3.870x1023 
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Sucrose – O  1.935x1023 
Water – H  5.750x1024 
Water – O  2.875x1024 
 
Total number of atoms in mixture: 
                                                  
C 3.055x1023 
H 6.279x1024 
O 3.139x1024 
 
Total weight of element in mixture: 
                                                   
C    3.669x1024 
H    6.329x1024 
O    5.022x1025 
Total weight of mixture 6.022x1025 
  
Mass fraction of element in mixture: 
              
               
                  
 
C 0.06093 
H 0.1051 
O 0.8339 
 
These values are included in Table 4.2 for further calculations. 
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Appendix C:  Final exposure set images of the neonatal chest simulation 
phantom for visual image quality assessment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a.) 
b.) 
Stellenbosch University  http://scholar.sun.ac.za
219 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c.) 
d.) 
Stellenbosch University  http://scholar.sun.ac.za
220 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
e.) 
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Figure 5.10: a.) Image 1, 50 kV, 2 mAs, inherent filtration, processed.  
b.) Image 2, 60 kV, 2 mAs, 0.1 mm Cu + 1 mm Al filtration, raw.  c.) 
Image 3, 64 kV, 2 mAs, 0.1 mm Cu + 1 mm Al filtration, raw.  d.) Image 
4, 61 kV, 0.8 mAs, inherent filtration, raw.  e.) Image 5, 62 kV, 0.8 mAs, 
inherent filtration, raw.  f.) Image 6, 57 kV, 2 mAs, 0.1 mm Cu + 1 mm Al 
filtration, processed.  g.) Image 7, 57 kV, 3.2 mAs, 0.1 mm Cu + 1 mm 
Al filtration, processed.  h.) Image 8, 60 kV, 2 mAs, 0.1 mm Cu + 1 mm 
Al filtration, processed.  i.) Image 9, 61 kV, 0.8 mAs, inherent filtration, 
processed.     
 
 
i.) 
Stellenbosch University  http://scholar.sun.ac.za
